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Michael ). Donoghue

Joel Cracraft

Introduction
Charting the Tree of Life

Many, perhaps even most, people today are comfortable with
the image of a tree as a representation of how species are
related to one another. The Tree of Life has become, we think,
one of the central images associated with life and with sci-
ence in general, alongside the complementary metaphor of
the ecological Web of Life. But this was not always the case.
Before Darwin, the reigning view was perhaps that life was
organized like a ladder or “chain of being,” with slimy “primi-
tive” creatures at the bottom and people (what else!) at the
very top. Darwin (1859) solidified in our minds the radically
new image of a tree (fig. I.1), within which humans are but
one of many (as we now know, millions) of other species
situated at the tips of the branches. The tree, it turns out, is
the natural image to convey ancestry and the splitting of lin-
eages through time, and therefore is the natural framework
for “telling” the genealogical history of life on Earth.

Very soon after Darwin, interest in piecing together the
entire Tree of Life began to flourish. Ernest Haeckel’s (1866)
trees beautifully symbolize this very active period and also,
through their artistry, highlight the comparison between real
botanical trees and branching diagrams representing phylo-
genetic relationships (fig. 1.2).

However, during this period, and indeed until the 1930s,
rather little attention was paid to the logic of inferring how
species (or the major branches of the Tree of Life) are related
to one another. In part, the lack of a rigorous methodology
(especially compared with the newly developing fields of
genetics and experimental embryology) was responsible for

a noticeable lull in activity in this area during the first sev-
eral decades of the 1900s. But, beginning in the 1930s, with
such pioneers as the German botanist Walter Zimmermann
(1931), we begin to see the emergence of the basic concepts
that underlie current phylogenetic research. For example, the
central notion of “phylogenetic relationship” was clearly de-
fined in terms of recency of common ancestry—we say that
two species are more closely related to one another than either
is to a third species if and only if they share a more recent
common ancestor (fig. 1.3).

This period in the development of phylogenetic theory
culminated in the foundational work of the German ento-
mologist Willi Hennig. Many of his central ideas were put
forward in German in the 1950s (Hennig 1950), but world-
wide attention was drawn to his work after the publication
of Phylogenetic Systematics in English (Hennig 1966). Hennig
emphasized, among many other things, the desirability of
recognizing only monophyletic groups (or clades—single
branches of the Tree of Life) in classification systems, and
the idea that shared derived characteristics (what he called
synapomorphies) provided critical evidence for the existence
of clades (fig. 1.4).

Around this same time, in other circles, algorithms were
being developed to try to compute the relatedness of spe-
cies. Soon, a variety of computational methods were imple-
mented and were applied to real data sets. Invariably, given
the tools available in those early days, these were what would
now be viewed as extremely small problems.
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Figure I.1. The only illustration in Darwin’s Origin of Species (1859), which can be taken to be

the beginning of “tree thinking.”

Since that time major developments have occurred along
several lines. First, although morphological characters were
at first the sole source of evidence for phylogenetic analyses,
molecular data, especially DNA sequences, have become
available at an exponential rate. Today, many phylogenetic
analyses are carried out using molecular data alone. How-
ever, morphological evidence is crucial in many cases, but
especially when the object is to include extinct species pre-
served as fossils. Ultimately, of course, there are advantages
in analyzing all of the evidence deemed relevant to a particular
phylogenetic problem—morphological and molecular. And
many of our most robust conclusions about phylogeny, high-
lighted in this volume, are based on a combination of data
from a variety of sources.

A second major development has been increasing compu-
tational power, and the ease with which we can now manipu-
late and analyze extremely large phylogenetic data sets. Initially,
such analyses were extremely cumbersome and time-consum-
ing. Today, we can deal effectively and simultaneously with
vast quantities of data from thousands of species.

Beginning in the 1990s these developments all came to-
gether—the image and meaning of a tree, the underlying

conceptual and methodological developments, the ability to
assemble massive quantities of data, and the ability to quan-
titatively evaluate alternative phylogenetic hypotheses using
a variety of optimality criteria. Not surprisingly, the number
of published phylogenetic analysis skyrocketed (Hillis, ch.
32 in this vol.). Although it is difficult to make an accurate
assessment, in recent years phylogenetic studies have been
published at a rate of nearly 15 a day.
Where has this monumental increase in activity really
gotten us in terms of understanding the Tree of Life? That
was the question that motivated the symposium that we or-
ganized in 2002 at the American Museum of Natural His-
tory in New York, and which yielded the book you have in
front of you. Although it may be apparent that there has been
a lot of activity, and that a lot can now be written about the
phylogeny of all the major lineages of life, it is difficult to
convey a sense of just how rapidly these findings have been
accumulating. Previously, there was a similar attempt to pro-
vide a summary statement across all of life—a Nobel sym-
posium in Sweden in 1988, which culminated in a book titled
The Hierarchy of Life (Fernholm et al. 1989). That was an
exciting time, and the enthusiasm and potential of this en-
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Figure 1.2. A phylogenetic tree realized by Haeckel (1866),
soon after Darwin’s Origin.

deavor were expressed in the chapters of that book. But, in
looking back at those pages we are struck by the paucity of
data and the minuscule size of the analyses that were being
performed at what was surely the cutting edge of research at
the time.

It is also clear that so much more of the Tree of Life is
being explored today than only a decade ago. Now we can
honestly present a picture of the relationships among all of
the major branches of the Tree of Life, and within at least
some of these major branches we are now able to provide

Ginkgo ~ (Magnolie  Apfelbaum)
Ginkgo  {Magnolie  Apfelbaum|

Xy

Figure 1.3. Zimmermann’s (1931) tree, illustrating the concept
of “phylogenetic relationship.”
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|
|

Figure 1.4. The conceptual phylogenetic argumentation scheme
of Hennig (1966: 91), with solid boxes representing derived
(apomorphic) and open boxes representing primitive
(plesiomorphic) characters.

considerable detail. A decade ago the holes in our knowledge
were ridiculously obvious—we were really just getting started
on the project. There are giant holes today, which will be-
come increasingly obvious in the years to come (as we learn
more about species diversity, and database phylogenetic
knowledge), but we believe that it is now realistic to conceive
of reconstructing the entire Tree of Life—eventually to in-
clude all of the living and extinct species. A decade ago, we
could hardly conjure up such a dream. Today we not only
can imagine what the results will look like, but we now be-
lieve it is attainable.

It also has become increasingly obvious to us just how
important it is to understand the structure of the Tree of
Life in detail. With the availability of better and better esti-
mates of phylogeny, awareness has rapidly grown outside
of systematic biology that phylogenetic knowledge is es-
sential for understanding the history of character change
and for interpreting comparative data of all sorts within a
historical context. At the same time, phylogeny and the
algorithms used to build trees have taken on increasing
importance within applied biology, especially in managing
our natural resources and in improving our own health
and well-being. Phylogenetic trees now commonly appear
in journals that had not previously devoted much space
to trees or to “tree thinking,” and many new tools have
been developed to leverage this new information on
relationships.
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In this volume we have tried, with the chapters in the
opening and closing sections, to highlight the value of the Tree
of Life, and then, in a series of chapters by leading experts, to
summarize the current state of affairs in many of its major
branches. In presenting this information, we appreciate that
many important groups are not covered in sufficient detail, and
a few not at all, and we know that in some areas information
will already be outdated. This is simply the nature of the
progress we are making—new clades are discovered literally
every day—and the sign of a healthy discipline. Nevertheless,
our sense is that a benchmark of our progress early in the 21st
century is a worthy exercise, especially if it can help motivate
the vision and mobilize the resources to carry out the mega-
science project that the Tree of Life presents. This would surely
be one of the most fundamental of all scientific accomplish-
ments, with benefits that are abundantly evident already and
surprises whose impacts we can hardly imagine.
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The Importance of the Tree of Life to Society

The affinities of all the beings of the same class have
sometimes been represented by a great tree. . .. As buds give
rise by growth to fresh buds, and these, if vigorous, branch
out and overtop on all sides many a feebler branch, so by
generation | believe it has been with the great Tree of Life,
which fills with its dead and broken branches the crust of the
earth, and covers the surface with its ever branching and
beautiful ramifications.

—Charles Darwin, On the Origin of Species (1859)

Despite Darwin’s vision of the existence of a universal Tree
of Life, assembly of the tree with a high degree of accuracy
has proven challenging to say the least. Generations of sys-
tematists have worked on the problem and debated (or
fought) about how to best approach a solution, or questioned
if a solution was even possible. Much of the rest of the bio-
logical sciences and medicine either simply accepted deci-
sions of systematists without question or discounted them
entirely as lacking rigor and accuracy. Attempts at solving
the problem met with only limited success and were gener-
ally limited to similarity comparisons of various kinds until
the convergence of three important developments: (1) con-
ceptual and methodological underpinnings of phylogenetic
systematics, (2) development of genomics, and (3) rapid
advances in information technology.

Convergence of these three areas makes construction of
a robust tree representing genealogical relationships of all
known species possible for the first time. This, coupled with
the fact that the current lack of a universal tree is severely
hampering progress in many areas of science and limiting the
ability of society to address many important problems and
to capitalize on a host of opportunities, demands that we
undertake this important project now and with conviction.
Although many challenges still stand before us (which them-
selves represent additional opportunities), constructing a
complete Tree of Life is now conceptually and technologi-
cally possible for the first time. It is relevant to note here that
we still had hundreds of problems to solve when we decided

to land a man on the moon, and their solution produced
hundreds of unexpected by-products. The size of this un-
dertaking and the human resources needed, however, require
an international collaboration instead of a competition. As-
sembling an accurate universal tree depicting relationships
of all life on Earth, from microbes to mammals, holds enor-
mous potential value for society, and it is imperative that we
start now. This chapter, although not meant to be exhaus-
tive, aims to provide a number of examples where even our
limited knowledge of the tree has provided tangible benefits
to society. The actual value that a fully assembled tree would
hold for society would be limitless.

Enabling Technologies and Challenges

Despite widespread acceptance of phylogenetic systematics
during the 1980s, it was not until the advent of genomics
and modern computer technology, enabled by more efficient
and rapid phylogenetic algorithms in the 1990s, that large-
scale tree assembly became possible. The rapid growth of
genomics, in particular, revolutionized the field of phyloge-
netic systematics and provided a new level of power to tree
assembly. To reconstruct the evolutionary history of all or-
ganisms will require continued advances in computer hard-
ware and development of faster and more efficient algorithms.

The mathematics and computer science communities are

already actively engaged in this challenge, and breakthroughs
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are occurring almost daily. For example, researchers work-
ing on resolving the relationships of 12 species of bluebells
back to a common ancestor have used the 105 genes found
in chloroplast DNA from those species (and an outgroup
—tobacco) to reconstruct the phylogeny. The resulting analy-
sis examined 14 billion trees. But not only did they recon-
struct the phylogeny, they also inferred the gene order of the
105 genes found in the chloroplast genome for each ances-
tor in the tree, which means 100 billion “genomes” were
analyzed. The process took 1 hour and 40 minutes using a
512-processor supercomputer (Moret et al. 2002).

Although this represents a major advancement, addi-
tional advancements will be needed for the relationships of
the current 1.7 million known species to be reconstructed.
Necessary software tools have not been developed to take full
advantage of existing data and to permit integration with
existing biological databases. The enormous amounts of data
being generated by the enabling technologies associated with
modern genomics, although posing considerable challenges
to the computer world, will allow tree construction at a level
of detail far exceeding anything in the past.

Even in groups such as mammals that are well known rela-
tive to invertebrates and microbes, the use of genomics in tree
construction is increasing our knowledge base at a phenom-
enal rate and providing important bridges to other fields of
knowledge. Recent work by Dragoo and Honeycutt (1997),
for example, has revealed that skunks represent a lineage of
their own distinct from mustelids (fig. 1.1). Skunks histori-
cally have been classified as a subfamily within the Mustelidae
(weasels), but genetic data suggest that raccoons are more
closely related to weasels than are skunks. Additionally, stink

Figure 1.1. Phylogenetic
relationship of skunks with

badgers were classified within a different subfamily of muste-
lids than skunks. Morphological and genetic data both sup-
port inclusion of stink badgers within the skunk clade. The
skunk—weasel-raccoon relationship was based on analyses of
genes within the mitochondrial genome. However, DNA se-
quencing of nuclear genes has provided support for this hy-
pothesis as well (Flynn et al. 2000, and K. Koepfli, unpubl.
obs.). This discovery is already proving valuable to other fields
such as public health and conservation.

These types of advances are producing major discover-
ies across the entire tree, but nowhere is it more evident than
in the microbial world. New discoveries using genomics and
phylogenetic analysis have led to the discovery of entire new
groups of Archaea (DeLong 1992) that will prove critical to
our understanding of the functioning of the world’s ecosys-
tems. Others using similar techniques are discovering major
groups of important microbes living in extreme environments
(Fuhrman et al. 1992) that could lead to discovery of impor-
tant new classes of compounds. In fact, the number of new
species of bacteria being discovered with these methods, as
noted by DeLong and Pace (2001), is expanding almost ex-
ponentially. It is not only new species that are being discov-
ered but also new kingdoms of organisms within the domains
Bacteria and Archaea.

Human Health
Ten people died in April through June 1993 as a result of an

unknown disease that emerged in the desert Southwest of
the United States. Approximately 70% of the people who ac-
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quired this disease died from the symptoms. No known cure
or drugs was available to treat this disease, nor was it known
if the disease was caused by a virus or bacterium or some
other toxin. Later, a previously unknown hantavirus was
determined to be the cause and was described as Sin Nombre
virus (SNV; Nichol et al. 1993), and it was discovered that
the reservoir for this virus was the common deer mouse
(Childs et al. 1994).

Phylogenetic analyses of viruses in the genus Hantavirus
suggested that this new virus was related to Old World hanta-
viruses. However, the virus was different enough in sequence
divergence to suggest that it was not a result of an intro-
duction from the Old World, but rather had evolved in the
Western hemisphere. Phylogenetic analyses of both murid
rodents and known hantaviruses indicated a high level of
agreement between host and virus trees (fig. 1.2), suggest-
ing a long history of coevolution between the two groups
(Yates et al. 2002). This information allowed researchers to
predict that many of the murid rodent lineages may be asso-
ciated with other lineages of hantaviruses as well.

Predictions made from analyses of these phylogenetic
trees have been supported with the descriptions of at least
25 new hantaviruses in the New World since the discovery
of SNV (fig. 1.3). More than half (14) of these newly rec-
ognized viruses have been detected in Central and South
America. Additionally, many of the viruses are capable of
causing human disease. It is likely that many more yet un-
known hantaviruses will be discovered in other murid hosts
not only in North and South America but also in other coun-
tries around the world. The poorly studied regions of such
countries as African and Asia quite probably contain many
such undescribed viruses.

Further studies enabled by findings of coevolutionary
relationships have allowed the development of models that
are able to predict areas and times of increased human risk
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to disease far in advance of any outbreaks (Yates et al. 2002,
Glass et al. 2002). Knowledge of phylogenetic relationships
of these organisms has thus proven critical for our under-
standing of diversity of these pathogens and how to predict
the risk to humans. An understanding of these relationships
also will be critical for us to determine if we are under attack
from introduced pathogens.

In 1999 several people were diagnosed with or died from
symptoms of a viral infection similar to that caused by the
St. Louis encephalitis virus (Flaviviridae). The virus was de-
termined to be transmitted by mosquitoes and not only af-
fected humans but also was killing wild and domestic birds.
Phylogenetic analyses using RNA sequencing from this vi-
rus as well as other flaviviruses were conducted to determine
that the disease causing agent was actually the West Nile virus
(Jia et al. 1999, Lanciotti et al. 1999). This virus was deter-
mined from those analyses to be closely related to strains
found in birds from Israel, East Africa, and Eastern Europe
(fig. 1.4; Lanciotti et al. 1999). The information obtained
from those studies provided the basic biology needed to al-
low health officials to effectively treat this new outbreak of
West Nile virus as well as make predictions about the spread
of the virus using the known potential avian hosts. Advance
knowledge of where it might spread next was critical in pre-
venting human and animal infection. West Nile virus has
currently spread as far west in the United States as Califor-
nia and has resulted in numerous human and animal deaths.

Conservation

Conservation biology is quite likely the area of science most
heavily affected (and will continue to be so) by a better knowl-
edge of the Tree of Life. A more complete Tree of Life will
mean that more species are identified. Currently, one of the
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most important issues in conservation biology is the ques-
tion of how many species are out there (Wheeler 1995).
Although no single value can be used with any level of con-
fidence, a figure often cited is 12.5-13 million species (e.g.,
Singh 2002); Cracraft (2002) estimated (admittedly roughly)
that only a very small fraction—in the order of 0.4%—of this
figure [or some 50-60 (10° taxa)] are included in any sort of
phylogenetic analysis. A more developed, inclusive Tree
of Life would help identify, catalog, and database elements
of biodiversity that may not have been included until now.

A more developed Tree of Life would help incorporate
an evolutionary framework with which to base conservation
strategies. Two major questions in conservation biology are
how variation is distributed in the landscape, and how it came
about. Conservation planners, too, need to highlight these
spatial components for conservation action. Erwin (1991)
convincingly argued for the need to incorporate phylogenies
and evolutionary considerations in conservation efforts.
Desmet et al. (2002), Barker (2002), and Moritz (2002) have
proposed methodological and practical applications for this
strategy. For example, Barker (2002) reviewed and expanded
on some of the properties of phylogenetic diversity measures
to enable capturing both the phylogenetic relatedness of
species and their abundances. This measure estimates the
relative diversity feature of any nominated set of species by
the sum of the lengths of all those branches spanned by the
set. These branch lengths reflect patristic or path-length dis-
tances of character change. He then used this method to
address a number of conservation and management issues
(from setting priorities for threatened species management

to monitoring biotic response to management) related to
birds at three different levels of analyses: global, New Zealand
only, and Waikato specifically.

An improved Tree of Life would allow for rigorous testing
of old premises in evolutionary theory. For more than 40 years,
the premise that shrinking and expanding of tropical forests
in the neotropics and elsewhere has become a paradigmatic
force invoked to explain the diversity of species in these
biodiverse areas of the world (but see Colinvaux et al. 2001).
Research centered on the phylogenies and phylogeographic
patterns of various taxa in several tropical areas of the world
has now made it clear that the refuge hypothesis (see Haffer
1997, Haffer and Prance 2001) of Amazonian speciation does
not explain the patterns of distribution of many taxa. In fact,
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Figure 1.4. Phylogenetic relationship of New York (*) strain of
the West Nile virus compared with other strains worldwide;
modified from Lanciotti et al. (1999).



Glor et al. (2001), Moritz et al. (2000), and Richardson et al.
(2001) have demonstrated that some of the most specious
tropical groups have patterns of diversification that resulted
during or after the unstable period of the Pleistocene, suggest-
ing a more recent evolutionary history. Phylogenetic patterns
indicate that heterogeneous habitats account for more bio-
diversity than does the accumulation of species through time
in an unperturbed environment.

These studies and others (e.g., Moritz 2002) have shown
that it is possible to incorporate the knowledge obtained by
phylogenetic analyses (i.e., applied phylogenetics of Cracraft
2002) and the distribution of genetic diversity into conser-
vation planning and priority setting for populations within
species and for biogeographic areas within regions. Moritz
(2002) suggests that the separation of genetic diversity into
two dimensions, one concerned with adaptive variation and
the other with neutral divergence caused by isolation, high-
lights different evolutionary processes and suggests alterna-
tive strategies for conservation that need to be addressed in
conservation planning.

The main tenet in conservation biology is that the “value
of biodiversity lies in its option value for the future, the
greater the complement of contemporary biodiversity
conserved today, the greater the possibilities for future
biodiversity because of the diverse genetic resource needed
to ensure continued evolution in a changing and uncertain
world” (Barker 2002:165). We cannot conserve what we do
not know.

Agriculture

The potential value to agriculture of a fully assembled Tree
of Life is enormous. The existence of an accurate phyloge-
netic infrastructure will enable directed searches for useful
genes in ancestors of modern-day crop plans, as opposed
to the random explorations of the past. Being able to fol-
low individual genes through time armed with knowledge
of their ancestral forms will allow a determination of how
the function of these genes has changed through time. This
knowledge will, in turn, allow selective modification of new
generations of plants and animals in a much more precise
way than selective breeding alone. For example, a group of
researchers working on the Tree of Life for green plants
(Oliver et al. 2000) has identified and traced the genes re-
sponsible for desiccation tolerance from ancient liverworts
to modern angiosperms (fig. 1.5). Given the rate of desertifi-
cation occurring globally and the rapid increases in human
populations, these data may prove invaluable in helping to
sustain our global agriculture.

However, our knowledge of the relationships of wild
relatives to many important agricultural crops still is limited.
Understanding the origins and relationships should help with
further improvement of many of the world’s crop plants.
Recently, however, research on major grain crops such as
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Figure 1.5. Phylogeny of major groups of land plants; modified
from Oliver et al. (2000). Asterisks indicate clades that contain
desiccation-tolerant species. Oliver et al. (2000) suggest that
desiccation tolerance is a primitive state in early land plants that
was lost before the evolution of Tracheophytes and then
reappeared in at least three major lineages. Additionally, the
genes reevolved independently within eight clades found in
angiosperms.

wheat, rice, and corn and such other crops as tomatoes and
Manihot (a major source of starch in South America) has pro-
vided insight into the origins of these economically impor-
tant agricultural products. But, relationships of many other
important food and fiber plants, which large parts of our
populations worldwide depend on, still remain virtually
unknown. These relationships must be understood if we
hope to make future genetic improvements, especially be-
cause many of the wild progenitors are at risk of extinction
and we have yet to study them.

One good example of how phylogenetic relationships
may help us to generate an improved crop is seen in corn
(Zea mays mays). This is a crop of enormous economic im-
portance, and if it is to be used to assist in sustaining human
populations, it is imperative that we be able to make contin-
ued improvements in disease and/or drought resistance. Corn
is a grass with a unique fruiting body commonly referred to
as the “corn cob.” This is not typically seen in wild grasses,
so there have been assorted hypotheses regarding the rela-
tionships of corn to other species. Potential relatives to corn
are the grasses from Mexico and Guatemala known as teosin-
tes. Recently, Wang et al. (2001) used molecular techniques
to conclude that two annual teosinte lineages may actually
be the closest relative to corn (fig. 1.6).

These researchers have demonstrated that the origin of
this agricultural product probably occurred 9000 years ago
in the highlands of Mexico. Additionally, it was determined
that the allele responsible for the cob was a result of selec-
tion on a regulatory gene rather than a protein-coding gene
(Wang et al. 2001). Modern cultivated corn has the poten-
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Figure 1.6. Phylogenetic relationship of corn to other
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helps explain the morphological variation seen in domestic
corncob.

tial to interbreed with several teosinte grasses, so it may be
possible to incorporate new traits from these species to im-
prove existing strains of corn crops. These studies illustrate
how important it is to protect not only wild species and lin-
eages of teosinte grass but also the habitats in Mexico where
they are found.

Invasive Species

Invasive species have become an enormous problem world-
wide and cause billions of dollars in damage each year while
doing irreparable harm to many native species and ecosys-
tems. Phylogenetic analysis is an important tool in the battle
for identifying invasive species and for determining their
geographic origin. Recent examples include the West Nile
virus example described above and an invasive alga in Cali-
fornia. In the latter example, scientists were able to use phy-
logenetic analysis of DNA sequences to identify the Australian
alga species Caulerpa taxiflora in California waters. This find-
ing led to an immediate eradication program that, if success-
ful, may save the United States billions of dollars.

In addition, understanding the evolutionary associations
of invasive species in the context of closely affiliated groups
of species such as host plants or animals is critical for pre-
dicting their spread and implementing successful control
measures. Wang et al. (1999) performed a phylogenetic
analysis to examine relationships of potential pest species of
longhorn beetles (Cerambycidae) and found that beetles in
certain clades were not likely to become pests, whereas beetles
in two other clades could become pests outside of their na-
tive Australia. Another clade in this group, the Asian long-
horn beetle (Anoplophora gladripennis), has been recently
introduced into the United States in hardwood packing
materials and has already spread from points of introduction
to many new areas, killing native hardwood trees as it invades
(Meyer 1998). Knowledge of the phylogenetic relationships
of trees that this beetle attacks in its native range could prove
valuable in predicting the North American trees most likely
at risk and could help model its future spread. Likewise, an
understanding of the phylogenetic affinities of natural en-

emies of longhorn beetles in Asia will be critical if biological
controls for this pest are to be considered in North America.

Invasive ant species have become enormous problems
worldwide. The ant Linepithema humile has been particularly
problematic and has been particularly damaging to native
species in Hawaii. Tsutsui et al. (2001) used phylogenetic
analyses to trace the origin of this pest to Argentina. Another
invasive ant, the fire ant (Solenopsis invicta), has caused bil-
lions of dollars of damage in the southern United States and
has even caused human and animal deaths. Like other eusocial
insects, such as Asian termites, fire ants are extremely diffi-
cult to control using chemical and other standard methods.
Efforts to date in the latter case have been largely ineffective
and have led several authors (Morrison and Gilbert 1999,
Porter and Briano 2000) to suggest the need for the introduc-
tion of biological control agents from the original range of these
ants in South America. In particular, these authors have sug-
gested the possible use of host-specific ant-decapitating flies
that lay their eggs in the heads of these ants, where the de-
veloping larvae eventually kill the ants. Such introductions
are always risky but would be extremely so without detailed
knowledge of the Tree of Life for the groups in question.
According to Rosen (1986), “Reliable taxonomy is the basis
for any meaningful research in biology.” It is essential also
to understand the evolutionary histories of both target pest
and natural enemy to predict the possible effects of using one
to “control” the other.

Human Land Use

A well-resolved Tree of Life has important implications for
disciplines as apparently disparate from biology as the study
of human land use patterns, especially when they integrate
with other disciplines. For example, phylogenetic analysis
was used to discover that two closely related species of
rodents in the genus Calomys exist in eastern Bolivia (Salazar-
Bravo et al. 2002, Dragoo et al. 2003), each harboring a spe-
cific arenavirus (fig. 1.7). In the Beni Department of Bolivia,
Calomys species harbor the Machupo virus (MACV), the etio-
logical agent of Bolivian hemorrhagic fever (BHF), whereas
in the Santa Cruz Department, Calomys callosus harbors the
nonpathogenic Latino virus (LAT). MACV occurs in the
Amazon drainage, whereas LAT is found along the drainage
of the Parana River. Additionally, it has been found that
Calomys from each region, despite their genetically based
species specificity, will hybridize in the laboratory and cre-
ate fertile hybrids. It follows that there exists not only the
risk of species invasion into a previously isolated ecological
zone, but also the risk of hybrids carrying the pathogenic
virus into the new region, the possibility of dual arenavirus
infection in such rodents, and the chance that virus recom-
bination with unknown consequences might occur.

In the early 1960s MACV produced several outbreaks in
northeastern Bolivia, with infection rates of 25% in some towns
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Figure 1.7. Summary cladogram of four closely related taxa of
vesper mice (Calomys); modified from Salazar-Bravo et al.
(2002). Cb, Calomys species from the Beni Department of
Bolivia; Cf, C. fecundus; Cv, C. venustus; Cc, C. callosus. The
white arrow points to the forested area that separates the Llanos
de Moxos from the Chaco region. Vegetation is as follows: LM,
Llanos de Moxos, SEC; Southeast Coordillera, CH; Chaco, EP
Espinal.

and mortality rates approaching 45%. Johnson et al. (1972)
noted two distinct phenotypic reactions to infection with
MACYV and suggested that there may be a genetic component.
A Calomys species has been reported to express two different
immune responses when infected with MACV but not with
LAT (Webb et al. 1975). Some individuals become chronically
infected, do not produce antibodies, shed large amounts of
virus in urine, become infertile, and are the principal vectors
of BHF. Others produce an antibody response and all but clear
the virus. Although these individuals remain chronically in-
fected, they can reproduce (Justines and Johnson 1969).
There is growing concern in the Bolivian health commu-
nity about the unintended consequences of an all-weather road
connecting Trinidad and Santa Cruz, the capital cities of the
Beni and Santa Cruz Departments, respectively, that has been
in service for several years. This road breaches a forested natural
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barrier between biomes of the respective rodents and viruses.
That barrier contains the north—south continental divide of
South America (Salazar-Bravo et al. 2002). The new road link-
ing the two home ranges of the virus—rodent pairs is bringing
human development to the fringes of both areas along its
course. Human populations in both departments are boom-
ing. Thirty-five years ago Trinidad and Santa Cruz had about
6000 and 60,000 persons, respectively. Today those numbers
have increased 10-fold. Agricultural development has kept
pace, especially in the Santa Cruz Department. Therefore, a
major concern is whether the rodent and its virus from the
north may be now moving, abetted by human commerce, into
the southern department. The potential public health risk
posed by construction of new roads and new development in
the Beni and Santa Cruz Departments makes monitoring this
situation essential.

To make predictions about the evolution and spread of
arenaviruses, we need to understand the evolutionary history
of the rodent reservoirs. The significance of understanding in
greater detail evolutionary histories at the population level as
well as at the subfamily level goes beyond the importance of
prevention and treatment of BHF. The observed patterns of
infection and distribution of MACV exhibit a striking num-
ber of similarities with not only other arenaviruses but with
hantaviruses as well. In addition to the apparent connection
to rodent population density and human ecology, these viruses
with few exceptions share a common host family of rodents,
suggesting a long common evolutionary history.

Economics

Many of the examples presented above will have economic
benefits for society. Understanding the Tree of Life also can
lead to discovery of new products that can be derived from
closely related taxa. These products can be used to affect other
areas such as biological control of pest organisms, agricul-
tural productivity, and medicinal necessities. For example,
in 1969 a new genus and species of bacterium, Thermus
aquaticus, was described (Brock and Freeze 1969), which later
revolutionized much of the way molecular biology is con-
ducted when the DNA polymerase from this organism was
used for the polymerase chain reaction (PCR; Saiki et al.
1988). PCR is a multimillion dollar a year industry that
should top $1 billion by the year 2005. This technology has
greatly benefited not only systematics and taxonomy but also
many other biological sciences, including health and foren-
sics. Discovery of T. aquaticus and use of the Taq DNA poly-
merase has spawned many additional technologies. A cursory
view of any molecular supply catalog will show numerous
chemicals and kits designed for use with PCR technology.
Furthermore, such hardware as DNA thermocyclers and
automated sequencers also has been developed.
Additionally, DNA polymerases from other closely re-
lated thermally stable organisms have been isolated with
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varying properties such as increased half-life at higher tem-
peratures, decreased activity at lower temperatures, and
3'-5' exonuclease activity. As a result of PCR and the search
for new DNA polymerases, many new life forms have been
discovered. For example, the thermally stable microbes
from which Taq was recovered were thought to comprise a
tight cluster of a few genera that metabolized sulfur com-
pounds (Woese 1987, Woese et al. 1990). Most of these or-
ganisms had to be cultured in the lab in order to be studied
(DeLong 1992, Barns et al. 1994). However, PCR technol-
ogy has allowed for a more in-depth study of these Archaea
by using in situ amplification of uncultivated organisms that
occur naturally in hot springs found in Yellowstone National
Park. We now know that the Crenarchaeota display a wide
variety of phenotypic and physiological properties in envi-
ronments ranging from low temperatures in temperate and
Antarctic waters to high-temperature hot springs (Barns
et al. 1996, and citations therein). In fact, PCR coupled with
phylogenetic analysis has allowed the discovery of not only
new life forms within the kingdom Crenarchaeota but also
new kingdoms within the domain Archaea (fig. 1.8; Barns
et al. 1996).

Many new DNA polymerases have been discovered and
patented and are now commercially available as a result
of some of these discoveries. According to Bader et al.
(2001:160), “Simple identification via phylogenetic classifi-
cation of organisms has, to date, yielded more patent filings
than any other use of phylogeny in industry.” Patents also
have been filed for vaccines associated with various viruses,
such as porcine reproductive and respiratory syndrome vi-
rus and human immunodeficiency virus, that can target spe-
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Pyrodictium occultum
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Pyrobaculum islandicum
Pyrobaculum aerophilum
Thermoproteus tenax
pJP6

Thermofilum pendens
pJP81

pJP33

e [llethanopyrus kandleri
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Figure 1.8. Newly discovered organisms of Archaea; modified
(reduced tree) from Barns et al. (1996). Taxa labeled “pJP”
represent new life forms discovered using ribosomal RNA
sequences amplification from uncultured organisms. New taxa
were found within two kingdoms representing Crenarchaeota
and Euryarchaeota as well as the new kingdom Korarchaeota
(pJP78 and other similar rDNA sequences).

cific closely related virus populations based on phylogenetic
analyses (citations within Bader et al. 2001).

Other economically important uses of a well-defined Tree
of Life include discovery of biological control organisms as
well as chemicals that target specific metabolic pathways of
related taxa. Phylogenetic analyses of root-colonizing fungi
revealed a group of nonpathogenic fungi that could serve as
a biological control against pathogenic fungi (Ulrich et al.
2000). Phylogenetic studies are being conducted on numer-
ous organisms for biological control, including nematodes
and associated symbiotic bacteria and target moth, fly, and
beetle pests (Burnell and Stock 2000); intracellular bacteria
Wolbachia, parasitic wasps, and flies (Werren and Bartos
2001); and insect controls of thistles (Briese et al. 2002). In
fact, Briese et al. (2002:149) state, “[Gliven the improved state
of knowledge of plant phylogenies and the evolution of host
use, it is time to base testing procedure purely on phylo-
genetic grounds, without the need to include less related test
species solely because of economic or conservation reasons.”

Other forms of control include using chemicals to attack
specific metabolic pathways found in one clade of organisms
but not in another. Two such pathways that occur in microbes
and/or plants but not mammals are the shikimate pathway and
the menevalonant pathway. The chemical glyphosate has been
used commercially as an herbicide/pesticide for its ability to
disrupt the shikimate pathway in algae, higher plants, bacte-
ria, and fungi but theoretically does not have harmful effects
on mammals (Roberts et al. 1998). Another pathway for con-
sideration for an antimicrobial target is the mevalonate path-
way. This is one of two pathways that convert isopentenyl
diphosphate to isoprenoid found in higher organisms but is
the only pathway found in many low-G+C (guanine + cytosine)
gram-positive cocci. Phylogenetic analyses indicate that the
genes found in these bacteria are more closely related to higher
eukaryotic organisms and are likely a result of a very early hori-
zontal gene transfer between eukaryotes and bacteria before
the divergence of plants, animals, and fungi (Wilding et al.
2000). This pathway therefore represents a means for control
of the gram-positive bacteria.

Another economic value to society may lie in DNA/RNA
vaccines. Knowing the phylogenetic relationships of target
organisms may allow for the development of broad-scale vac-
cines or “species”-specific vaccines. DNA vaccines are relatively
easy to make and can be produced much quicker than con-
ventional vaccines (Dunham 2002). Although there still are
several safety issues to address before wide-scale use of nucleic
acid vaccines (Gurunahan et al. 2000), this technology can be
used to treat several wildlife diseases (Dunham 2002) and can
be used potentially as a defense against a bioterrorist attack.

Conclusions

Assembling the Tree of Life will be a monumental task and
possibly one of the greatest missions we as a society could



hope to achieve. It will require numerous collaborations of
multiple disciplines within the scientific community. The
Tree of Life has already provided many benefits, not only to
science but to humanity as well. These benefits are but a small
fraction of what a fully assembled tree would have to offer.
In many respects, the power of a complete Tree of Life com-
pared with the partial one we have now is analogous to the
breakthroughs made possible by a complete periodic table
compared with a partial one. Imagine chemists trying to pre-
dict the structure and function of new compounds armed
with the knowledge of only 10% of the periodic table. The
Tree of Life will form the critical infrastructure on which all
comparative biology will rest. Once completed, this infra-
structure will fuel scientific breakthroughs across all of the
life sciences and many other fields of science and engineer-
ing and will foster enormous economic development.

Constructing the Tree of Life will create extraordinary
opportunities to promote research across interdisciplinary
fields as diverse as genomics, computer science and engineer-
ing, informatics, mathematics, earth sciences, developmen-
tal biology, and environmental biology. The scientific and
engineering problem of building the Tree of Life is complex
and presents many challenges, but these challenges can be
accomplished in our lifetime. Already, the international
genomics databases [GenBank (http://www.ncbi.nih.gov/
Genbank/index.html), EMBL (http://www.ebi.ac.uk/embl/),
and DDBJ (http://www.ddbj.nig.ac.jp/)] grow at an exponen-
tial rate, with the number of nucleotide bases doubling ap-
proximately every 14 months. Currently, there are more than
17 billion bases from more than 100,000 species listed by
the National Center for Biotechnology Information (available
at http://www.ncbi.nlm nih.gov/). Data from nongenomic
sources, such as anatomy, behavior, biochemistry, or physiol-
ogy, also have been collected on thousands of species, and
many thousands of phylogenies have been published for
groups widely distributed across the tree. To truly benefit
industry, agriculture, and health and environmental sciences,
the overwhelming amount of data required to construct the
Tree of Life must be appropriately organized and made
readily available.

Cracraft (2002) considered the question “What is the
Tree of Life?” to be one of seven great questions of system-
atic biology. In many respects, the answer to that question
is fundamental to all the others and will enable their resolu-
tion. Even fundamental questions such as what a species is
and how many there are will be facilitated by assembling the
tree. It should be noted that addressing the latter question
and assembling the Tree of Life go hand-in-hand and form a
positive feedback loop. Discovery of new species will pro-
vide new information that will enhance tree assembly, and
at the same time tree assembly will provide the information
necessary for the discovery of new species.

The other great questions listed by Cracraft (2002) actu-
ally require a tree for their resolution. As addressed in this
chapter, however, great questions from other disciplines also
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require a highly resolved tree for their solution. In fact, the
answer to few scientific questions offers the potential to fuel
as many major discoveries in other disciplines as does reso-
lution of the Tree of Life. Fields such as evolution and de-
velopment, medicine, and bioengineering will immediately
be able to rapidly address questions not before possible
without the phylogenetic infrastructure provided by the
tree. These discoveries will in turn fuel economic develop-
ment, inform land management decisions, and protect the
environment.

Assembly of the Tree of Life on this scale, however, will
require the development of innovative database structures
(both hardware and software) that support relational au-
thority files with annotation of both genetic and nongenetic
information. Unprecedented levels and methods of com-
putational capabilities will need to be developed as genomic
information from the “wet” studies in the laboratory and field
is analyzed in the “dry” environments of computers. Already
a new field of phyloinformatics and computational phylo-
genetics is emerging from these efforts that promise to har-
ness phylogenetic knowledge to integrate and transform data
held in isolated databases, allowing the invention of new
information and knowledge.

What is needed is an international effort to coordinate
tree construction, facilitate hardware and software design,
promote collaboration among researchers, and facilitate da-
tabase design and maintenance and the creation of a center
to help coordinate and facilitate these activities. Owing to
fundamental theoretical advances in manipulating genomic
and other kinds of data, to the availability of major new
sources of data, and the development of powerful analytical
computational tools, we now have the potential (given suf-
ficient resources and coordination) to assemble much of the
entire Tree of Life within the next few decades, at least for
currently known species. The potential of building a Tree
of Life extends far beyond the basic and applied biological
sciences and promises to provide much value to society.
Building an accurate, complete Tree of Life depicting the
relationships of all life on Earth will call for major innova-
tion in many fields of science and engineering similar to those
derived from sending a man to the moon or sequencing the
entire human genome. The benefits to society from such an
undertaking are enormous and may well extend beyond the
many provided by these two successful efforts.
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Rita R. Colwell

A Tangled Bank

Reflections on the Tree of Life and Human Health

Writing almost 150 years ago, Charles Darwin coined the
name “tree of life” to describe the evolutionary patterns that
link all life on Earth. His work set a grand challenge for the
biological sciences—assembling the Tree of Life—that re-
mains incomplete today. In the intervening years, we have
come to understand better the significance of this challenge
for our own species. As human activity alters the planet, we
depend more and more on our knowledge of Earth’s other
inhabitants, from microorganisms to mega fauna and flora,
to anticipate our own fate. Aldo Leopold, the great natural-
ist and writer, wrote, “To keep every cog and wheel is the
first precaution of intelligent tinkering” (1993:145-146).
However, the simple fact is that we do not yet know “what’s
out there,” and we are often unaware of what we have already
lost. The total number of species may number between 10
and 100 million, of which approximately 1.7 million are
known and only 50,000 described in any detail.

Today, we are in a better position to carry forward
Darwin’s program. Museums, universities, colleges, and re-
search institutions are invaluable repositories for data pains-
takingly collected, conserved, and studied over the years. Add
a flood of new information from genome sequencing, geo-
graphical information systems, sensors, and satellites, and we
have the raw material for realizing Darwin’s vision.

One of the great challenges we face in assembling the Tree
of Life is assembling the talent—bringing together the system-
atists, molecular biologists, computer scientists, and mathema-
ticians—to design and deploy new computational tools for
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phylogenetic analysis. Systematists are as scarce as hen’s teeth
these days. They may be our most endangered species.

The National Science Foundation (NSF) has a long his-
tory of supporting the basic scientific research, across all
disciplines, that has placed us within reach of achieving this
objective. Now, the NSF has begun a new program to help
systematists and their colleagues articulate the genealogical
Tree of Life. We expect that this tree will do for biology what
the periodic table did for chemistry and physics—provide
an organizing framework. But advancing scientific under-
standing is not the sole objective. New knowledge is im-
portant for our continued prosperity and well being on the
planet. My aim is to explore some of the common ground
shared by the Tree of Life project and one important focus
of social concern—human health.

My title, “A Tangled Bank,” comes from Darwin’s The
Origin of Species, where he invites us to “contemplate a tangled
bank” and to reflect on the complexity, diversity, and order
found in this commonplace country landscape:

It is interesting to contemplate a tangled bank, clothed
with many plants of many kinds, with birds singing on
the bushes, with various insects flitting about, and
with worms crawling through the damp earth, and to
reflect that these elaborately constructed forms, so
different from each other, and dependent upon each
other in so complex a manner, have all been produced
by laws acting around us. (Darwin 1859)



Darwin understood evolution as the source of complexity and
diversity, and his vision radically altered our perspective of
life on Earth, past and present. He developed much of his
theory in exotic places while sailing on the HMS Beagle. Just
more than a century later, another voyage, on the Apollo
spacecraft, gave us a first view of our blue Earth suspended
jewel-like in space. That image is now as familiar as Darwin’s
country landscape. Awe-inspiring and beautiful, planet Earth
appeared to us for the first time as a whole. But above all, we
saw it as finite and vulnerable.

Today, another 30 years down the road, we are better able
to chart the vast interdependencies that take us from coun-
try bank to global systems. We are beginning to understand
that abrupt change and what we call “emerging” structures
characterize many natural phenomena—from earthquakes
to the extinction of some species. We know that the impact
of humans on natural systems is increasing, but we don’t yet
have the full picture of how environmental change—human
induced or otherwise—will cascade through natural systems.

There are two themes that intertwine in this chapter. The
first is the observation that the health of our species and the
health of the planet are inextricably linked. The second is that
a new vision of science in the 21st century, biocomplexity,
will speed us to a better understanding of those interconnec-
tions. I use the term “biocomplexity” to describe the dynamic
web of relationships that arise when living things at all lev-
els, from molecules to genes to organisms to ecosystems,
interact with their environment.

Early on, we used the term “ecosystems approach” to
describe part of what we mean by “biocomplexity.” Now,
technologies allow us to delve into the structure of the very
molecules that compose cells—and simultaneously, to probe
the global system that encompasses the biosphere. Advances
in DNA sequencing, supercomputing, and computational
biology have literally revolutionized our view of the Tree of
Life. By comparing genetic sequences from different organ-
isms, we can now chart their genealogy and construct a uni-
versal phylogenetic tree.

A cartoon from the British satirical magazine, Punch,
published shortly after The Origin of Species, depicts the evo-
lution of a worm into a human—the human, in this case,
being Charles Darwin himself. The caption reads: “Man is but
a Worm.” The intent, of course, was to ridicule the notion
that a human could in any way be related to a lowly worm
(Punch 1882). Today, these odd juxtapositions are no longer
the subject of satire. In research published in February of
2002, S. Blair Hedges and colleagues from the United States
and Japan compared 100 genes shared among three organ-
isms: the human, the fruit fly, and the nematode worm (Blair
et al. 2002). The complete genomes of all three organisms
have been sequenced; so finding candidate genes was a
straightforward exercise in matching. The researchers deter-
mined that the human genome is more closely related to the
fly than to the worm, clarifying a major branch on the Tree
of Life. But it doesn’t eliminate the worm from our ancestry.
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In the area of genomics, many people are looking at di-
vergent organisms and beginning to realize connections
never before imagined. Steven Tanksley and his colleagues
at Cornell are exploring the genome of tomatoes to gain in-
sight into how wild strains have evolved into the delicious
fruits we find in supermarkets today. A single gene is respon-
sible for “plumping” in tomatoes. He discovered that this gene
is similar to a human oncogene—a cancer-causing gene. This
match suggests a common mechanism in the cellular pro-
cesses leading to large, edible fruit in plants and cancers in
humans (Frary et al. 2000). This illustrates an important
point. Getting the sequence is really only the first step. Func-
tional analysis is needed to confirm the inference of function
based on similar (homologous) sequences.

Our current genomic tool kit is a recent development.
Research initiated in the late 1920s led scientists to the
discovery that an extract from the bacterium that causes
pneumonia could change a closely related, but harmless,
bacterium into a virulent one in the test tube. A search
began for the “transforming factor” responsible for such
a change. Both protein and DNA were candidates, but
scientific opinion favored protein. The puzzle was solved
when Avery et al. (1944) determined that DNA was the
transforming factor. Another decade passed before Watson
and Crick (1953) described the structure of the DNA mol-
ecule and set off a revolution in molecular biology that is
still unfolding.

The first genome of a self-replicating, free-living organ-
ism—the tiny bacterium Haemophilus influenzae strain Rd—
was completed in 1995 (Fleischmann et al. 1995). The first
genome of a multicellular organism—the nematode worm
(Caenorhabditis elegans)—was published in 1998 (Caenor-
habditis elegans Sequencing Consortium 1998), followed by
the fruit fly (Drosophila melanogaster) genome in 2000 (Adams
et al. 2000). The sequencing of the human genome was com-
pleted just last year (Venter et al. 2001). Today, we “stand
on the shoulders of many giants” who pioneered the revolu-
tion in molecular biology and genomics. But all the disciplines
have contributed to our progress. From the tiny genome of
the first bacterium sequenced with 1.8 million base pairs to
the 3.12 billion that comprise the human genome was a leap
of enormous magnitude. Researchers from Celera Genomics,
who helped sequence the human genome, estimate that as-
sembly of the 3.12 billion base pairs of DNA required 500
million trillion sequence comparisons. Completing the hu-
man genome project might have taken years to decades to
accomplish without the terascale power of our newest com-
puters and a battery of sophisticated computation tools.

We know that one of the most important tools in mod-
ern-day science’s arsenal of genetic engineering is PCR—the
polymerase chain reaction. This technique was pioneered in
the 1980s in the private sector. But first came the discovery
of the heat-resistant DNA polymerase needed to untwine the
double strands of DNA. Brock and Freeze discovered the
source of this heat-resistant enzyme in 1968—a bacterium
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(Thermus aquaticus), found in a hot spring in Yellowstone
National Park (Brock and Freeze 1969).

These new tools have radically changed our perspective
of life on Earth and taught us to reorient ourselves on the
Tree of Life. DNA sequencing enables researchers to over-
come the limitations of culturing microorganisms in the lab
and vastly improves our ability to detect and describe mi-
crobial species. The surprising feature is the diversity and
sheer multitude of microorganisms, which represent the
lion’s share of Earth’s biodiversity. Although microorgan-
isms constitute more than two-thirds of the biosphere, they
represent a huge unexplored frontier. Of bacterial species in
the ocean, fewer than 1% have been cultured. Just a milliliter
of seawater holds about one million cells of these unnamed
species and about 10 million viruses. On average, a gram of
soil may contain as many as a billion microorganisms.

Research is also revealing phenomenal diversity among
microorganisms, especially among prokaryotes. They inhabit
a wide range of what we consider extreme environments—
hydrothermal vents on the sea floor, the ice floes of polar
regions, and the deep, hot, stifling darkness of South Afri-
can gold mines. Researchers have discovered that these or-
ganisms display novel properties and assume novel roles in
ecosystems and in Earth’s cycles. Many are being investigated
for these unique properties and the applications that harness-
ing them can provide.

In these and other less extreme places, microorganisms
have been wildly successful. They adapt very rapidly and
evolve very quickly to thrive in novel environments. Among
other feats, they have evolved diverse symbiotic relationships
with other creatures. The familiar shape of the Tree of Life
might appear radically altered if we take into account the
intriguing variety of ways that prokaryotes exchange genetic
information with other organisms, including lateral gene
transfer.

Only a handful of microorganisms are human pathogens.
Others infect plants and both domestic and wild animals. But
what an impact on human life they have had—both past and
present. We know that infectious diseases are a leading cause
of death in the world today, including the Americas (WHO
2001). Bacteria play a prominent role, but a wide variety
of viruses, protozoa, fungi, and a group of worms, the hel-
minthes, and other parasites also cause infectious diseases.
Pathogens—particularly bacteria and viruses—display the
same ability to adapt and the same genetic flexibility as their
harmless cousins. The increasingly serious problem of drug
resistance in pathogens is a direct result of this evolutionary
flexibility. Pathogens respond to the excessive and unwar-
ranted use of antibiotics, for example, by developing antibi-
otic resistance. In many cases, antibiotic genes are linked to
heavy metal resistance. Work in my own laboratory in the
late 1970s and early 1980s on bacteria in Chesapeake Bay
shows a link between genes that encode for metal resistance
and genes that encode for antibiotic resistance, notably on
plasmids. Other linkages may yet be described.

Knowing how microorganisms have evolved into patho-
gens and how they differ from less harmful relatives can pro-
vide the key in tracking the origin and spread of emerging
diseases and their vectors. In 2000 and 2001, several out-
breaks of polio were reported from Hispaniola. Phylogenetic
analysis showed conclusively that the poliovirus was not the
“wild” variety that is the target of eradication efforts world-
wide. Where had it come from? The Sabin oral vaccine, a live
but weakened poliovirus, is widely used in developing coun-
tries. These viruses are shed in the feces of vaccinated indi-
viduals. When individuals who have not been vaccinated
come into contact with these viruses, possibly in unsanitary
food or water, they will become infected. The puzzle in the
Hispaniola case is how the attenuated virus reverted to
a virulent strain. Genetic sequencing demonstrated that
the poliovirus combined with at least four closely related
enteroviruses. As the virus spread, one of these variants
developed virulence (Kew et al. 2002).

This example demonstrates that human institutions are
as much a part of the ecology of infectious disease as recom-
bination on the molecular level. An inadequate vaccination
program, combined with poor sanitary conditions, helped
to create the environment for the emergence of a new strain
of poliovirus.

The rapid increase in cases of dengue fever reported be-
tween 1955 and the present day provides another example
of a reemerging infectious disease. The World Health Orga-
nization (WHO) estimates that as many as 50 million people
are infected each year, with an additional 2.5 billion people
atrisk (WHO 1999). A major epidemic in Brazil caused more
than 300,000 cases of dengue in the first three months of
2002 alone. (WHO 2002) Dengue is not a new disease. Major
epidemics were recorded in the 18th century in Asia. What
caused this infectious disease to reemerge as a major public
health problem over the past 50 years? Genetic sequencing
has shown that dengue fever and its more deadly form, den-
gue hemorrhagic fever, are caused by a group of four closely
related viruses that infect the mosquito Aedes aegypti (Lorofo-
Pino et al. 1999). Each variant of the dengue virus produces
immunity only to itself, so individuals may suffer as many as
four infections in a lifetime. Dengue hemorrhagic fever may
be caused by these multiple infections. Genetic sequenc-
ing is indispensable in tracking the origin and spread of each
variant. Knowing which virus type is circulating may be
important in determining the potential risk for an outbreak
of dengue hemorrhagic fever.

The causes of the current global pandemic are not well
understood. But the spread of Aedes aegypti is certainly a fac-
tor. Aedes, a vector for yellow fever, was nearly eradicated
in the 1950s and 1960s. After a vaccine for yellow fever be-
came available, mosquito control efforts waned, and Aedes
has come back with a vengeance to repopulate and even ex-
pand its former territory. The Asian tiger mosquito, Aedes
albopictus, is also a potential vector of epidemic dengue. In
the United States, it was first reported in 1995 in Texas, and



has since become established in 26 states. It is simply not
known whether the tiger mosquito could initiate a major
dengue epidemic in the United States. Like Aedes aegypti, the
tiger mosquito can survive in urban environments. And like
Aedes aegypti, it is also a possible vector for yellow fever. Once
the vector is present, the pathogen may not be far behind.

Genetic sequencing is a critical new tool in the battle to
control infectious disease. Sequencing may help to determine
the origin of a pathogen, for example, whether it is endemic
or imported. And tracking the geographical or ecological
origins based on sequencing can also pinpoint natural res-
ervoirs, where health efforts can be focused. We may never
be able to eradicate pathogens that are widespread in the
environment, but knowledge of how they evolved, their
mechanisms of adaptation, and their ecology will help us
design effective prevention and control measures.

My own research has focused on the study of how fac-
tors combine to cause cholera, a devastating presence in
much of the world, although largely controlled in the United
States. It is endemic in Bangladesh, for example, where I've
done much of my research. My scientific quest to understand
cholera began more than 30 years ago, in the 1970s, when
my colleagues and I realized that the ocean itself is a reser-
voir for the bacterium Vibrio cholerae, the cause of cholera,
by identifying the organism in water samples from the Chesa-
peake Bay. Copepods, the minute relatives of shrimp that live
in salt or brackish waters, are the hosts for the cholera bac-
terium, which they carry in their gut as they travel with cur-
rents and tides. We now know that environmental, seasonal,
and climate factors influence copepod populations, and in-
directly cholera. In Bangladesh, we discovered that cholera
outbreaks occur shortly after sea-surface temperature and
height peak. This usually occurs twice a year, in spring and
fall, when populations of copepods peak in abundance. Ulti-
mately, we can connect outbreaks of cholera to major climate
fluctuations. In the El Nifio year of 1991, a major outbreak of
cholera began in Peru and spread across South America. Link-
ing cholera with El Nino/Southern Oscillation events pro-
vides us with an early warning system to forecast when major
cholera outbreaks are likely to occur (Colwell 2002).

Understanding cholera requires us to explore the prob-
lem on different scales. We study the relationship between
the bacterium Vibrio cholerae, which causes the disease, and
its copepod host. We look at the ecological factors that af-
fect copepod reproduction and survival. We observe the
local and oceanic climatic factors related to currents and
sea-surface temperature. On a microscopic level, we look at
molecular factors related to the toxin genes in V. cholerae to
understand the function of genes and how they evolved and
adapted in relation to copepods. This in turn may provide
new insight into how these pathogens cause disease in hu-
mans. Add the economic and social factors of poverty, poor
sanitation, and unsafe drinking water, and we begin to see
how this microorganism sets off the vast societal traumas of
cholera pandemics (Lipp et al. 2002). We cannot eradicate
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the cholera bacterium. Understanding V. cholerae on the
molecular level, tracing the ecology of the disease, forecast-
ing major outbreaks, and controlling them are our only op-
tions (Colwell 2002). Other infectious diseases—relayed by
vectors, water, food, air, or otherwise—also interact with
climate. The El Nifio/Southern Oscillation climate pattern has
been linked to outbreaks of malaria, dengue fever, encepha-
litis, and diarrheal disease as well as cholera. Environmental
change of all kinds may affect agents of infectious disease.
Changes in climate could nudge pathogens and vectors to
new regions. Agents of tropical disease could drift toward the
polar regions, creating “emerging diseases” at new locales.
Because the evolutionary “speed limit” of many pathogens is
remarkably high, pathogens might adapt to new ecological
circumstances with remarkable ease.

When we look for connections between the Tree of Life
and human health, infectious diseases may be the first case
that comes to mind. But the nexus among evolution, ecol-
ogy, genomics, and human health guides us farther afield.
When we view our planet through the eyes of complexity,
we see motifs that recur with striking constancy. We can often
use motifs found in harmless organisms to better under-
stand the mechanisms in their close cousins that cause dis-
ease. One case in point is recent research on aphids, the
tiny plant pests that cause major agricultural damage. A tiny
bacterium, Buchnera, lives inside the aphid’s cells. It pro-
vides essential nutrients to the aphid hosts, and the hosts
reciprocate. Over the years, aphids and Buchnera have evolved
together, so that today, different species of aphids are asso-
ciated with different species of the bacterium. Baumann and
colleagues have traced this cospeciation more than 150-250
million years (Bauman et al. 1997).

The role of these endosymbionts in the adaptation of
the aphids to host plants is under investigation as part of
the NSF biocomplexity initiative. One of the questions
of interest concerns the extent of convergence in the evo-
lution of symbiotic bacteria found within a range of insect
groups. Buchnera was the first endosymbiont genome to be
sequenced. Sequence analysis has shown that Buchnera is
missing many of the genes required for “independent life”—
including the ones that turn off production of the nutri-
ents necessary for the host’s survival. Recently, Ochman and
Moran (2001) have contrasted the Buchnera genome with
a hypothetical ancestor of the enteric bacterium Escherichia
coli, thought to be a relative of Buchnera. The comparison
shows massive gene reduction in Buchnera, a phenomenon also
found in many pathogens. Gene loss in both symbionts and
pathogens may be key to understanding how human patho-
gens cause disease. By studying symbionts such as Buchnera
that live in harmony with their hosts, it may be possible to
unravel the adaptive mechanisms that pathogens living inside
human cells use to evade the body’s defenses. New strategies
for combating infections could follow.

Organisms can also shape the physical environment. An
example is work by Jillian Labrenz and colleagues (2000)
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looking at a complex environment: an abandoned and flooded
mine. Biofilms here live on the floors of the flooded tunnels.
The goal of the work is to understand geomicrobiological pro-
cesses from the atomic scale up to the aquifer level. Acid drain-
age from such mines is a severe environmental problem. At
one mine being studied, workers accidentally left a shovel
in the discharge; the next day half the shovel was eaten away
by the acid waste.

We search for ways to remediate the damage in areas like
these. Some of the microorganisms in the biofilms play a
surprising role (Labrenz et al. 2000). For one, they can clean
the zinc-rich waters to a standard better than that of drink-
ing water. At the same time, bacteria in the biofilms are de-
positing minerals on the tunnel floors. Aggregates of tiny zinc
sulfide crystals just 2-5 nm in diameter are formed in very
high concentrations by the activity of microorganisms. The
work sheds light on an environmental problem, while giv-
ing insights into basic science with economic benefit: we are
learning how mineral ores of commercial value are formed.
Researchers are studying this system on a number of scales—
from the early evolution of life on Earth to the nanoscale
forces operating inside the microorganisms and in their im-
mediate environment.

Because microorganisms play a central role in the cycling
of carbon, nutrients, and other matter, they have large im-
pacts on other life—including humans. Recent research has
shed new light on these complex interdependencies in the
oceans. The molecule rhodopsin is a photopigment that
binds retinal. Activated by sunlight, retinal proteins have been
found to serve the energy needs of microorganisms, as well
as steer them to light. In people, a different form of the mol-
ecule provides the light receptors for vision. Until recently,
rhodopsin was thought to occur only in a small number of
species, namely, the halobacteria, which thrive in environ-
ments 10 times saltier than seawater. Despite the name, they
are actually members of the Archaea, one of the three major
branches of life and among the oldest forms of life on Earth.

Obed Béja, Edward Delong, and colleagues at the
Monterey Bay Aquarium Research Institute have now shown
that bacteria containing a close variant of this energy-gener-
ating, light-absorbing pigment are widespread in the world’s
oceans (Béja et al. 2000). This is the first such molecule to
be associated with bacteria. The researchers also discovered
that genetic variants of these bacteria contain different
photopigments in different ocean habitats. The protein pig-
ments appear to be tuned to absorb light of different wave-
lengths that match the quality of light available (Béja et al.
2001). These bacteria are present in significant numbers and
over a wide geographic range, and may occupy as much as
10% of the ocean’s surface. Such abundance may point to a
significant new source of energy in the oceans. It is also a
startling reminder of what we have yet to discover. We be-
gin to map biocomplexity by tracing the links from the func-
tion of a protein to the distribution and variation of bacterial
populations to biogeochemical cycles. Human health is ulti-

mately linked to the complex dynamics of these vast bio-
geochemical cycles. Understanding how they function is vi-
tal in order to anticipate how disruptions might alter them.

I've taken my examples from the world of microorgan-
isms partly because I'm a microbiologist—but also because
this is an emerging frontier. Microorganisms may well be our
“canaries in the mineshaft,” warning us of subtle environmen-
tal changes, from the local to the global. Carl Woese, whose
work has done so much to expand our vision of microbial
diversity, goes further: “[M]icrobes are the essential, stable
underpinnings of the biosphere—without bacteria, other life
would not continue to exist” (Woese 1999:263).

This past March, the U.S. Geological Survey published
an assessment that sampled 139 waterways across the U.S.
for 95 chemicals (Koplin et al. 2002). They found a wide
array of substances present in trace amounts in 80% of the
waterways sampled. The chemicals ranged from caffeine, to
steroids, to antibiotics and other pharmaceuticals. All are
bioactive substances—chemicals that interact with organisms
at the molecular level. Yet we have very little understanding
of how these substances may be affecting microbial commu-
nities. Are they altering the structure of microbial ecosystems
in soils and water? What are the selective pressures on or-
ganisms exposed to these substances? If the composition of
microbial communities is seriously altered, or if the abun-
dance or diversity of microorganisms is diminished, what are
the implications for the availability of nutrients in ecosystems
and for agricultural productivity?

Other organisms may be providing some answers. Re-
search reported recently by Tyrone Hayes and colleagues
from the University of California—Berkeley found that atra-
zine, the nation’s top-selling weed killer, turns tadpoles into
hermaphrodites with both male and female sexual charac-
teristics. The herbicide also lowers levels of the male hormone
testosterone in sexually mature male frogs by a factor of 10,
to levels lower than those in normal female frogs. Hayes is
now studying how the abnormalities affect the frogs’ ability
to produce offspring. Although Hayes used the African
clawed frog in his research, he and his colleagues found na-
tive leopard frogs with the same abnormalities in atrazine-
contaminated ponds in the U.S. Midwest (Hayes et al. 2002).

Help in dealing with contaminants in the environment
may come from the plant kingdom. Sunflowers have been
planted in fields near the Chernobyl nuclear power plant, in
what is now Belarus, in an experimental effort to clean the
heavily contaminated soils that linger long after the cata-
strophic accident. One study in 1996 found that the roots
of sunflowers floated on a heavily contaminated pond near
Chernobyl rapidly adsorbed heavy metals, such as cesium,
associated with nuclear contamination (Reuther 1998). The
NSF, the U.S. Environmental Protection Agency, and the
Office of Naval Research have teamed up to fund new re-
search on plants that can remove organic toxins and heavy
metals from contaminated soils. Lena Ma of the University
of Florida and colleagues discovered Chinese brake ferns



thriving in soils contaminated with arsenic at the site of an
abandoned lumber mill (Ma et al. 2001). Arsenic was once
widely used as a pesticide in treated wood. Ma found arsenic
levels greater than 7,500 parts per million in these samples.
Plants fed on a diet of arsenic accumulate more than 2% of
total mass in arsenic. Ma is now examining the mechanisms
of arsenic uptake, translocation, distribution and detoxifi-
cation. Other researchers are surveying a wide array of mi-
croorganisms for their potential to remove heavy metals and
other contaminants from soil and water.

Understanding how organisms respond to change re-
quires that we know what organisms inhabit our world and
how they interact. The Tree of Life provides the baseline
against which we measure change. In this context, the
planned National Ecological Observation Network (NEON;
National Science Foundation) will be invaluable. When com-
pleted, NEON will be an array of sites across the country
furnished with the latest sensor technologies and linked by
high-capacity computer lines. The entire system would track
environmental change from the microbiological to global
scales. Today, we simply do not have the capability to an-
swer ecological questions on a regional to continental scale,
whether involving invasive species that threaten agriculture,
the spread of disease or bioterrorist agents. Tools such as
NEON—which will in time reach international dimensions—
will give us a much richer understanding of how organisms
react to environmental change.

Eventually, such observatories must be extended to the
oceans as well, perhaps with links to the ocean observato-
ries now in the planning stages. The deep sea floor covers
nearly 70% of Earth’s surface. It may be the most extensive
ecosystem on the planet, yet we have only begun to explore
its secrets. It may harbor the source of new drugs, or it may
be a reservoir for as yet unknown human pathogens. We can
only be certain that it will produce surprises. We are all fa-
miliar with the submarine vents discovered two decades ago
in the deep ocean, marked by the exquisite mineralized chim-
neys called “black smokers” that form around the hydrother-
mal vents on the seafloor and tower over dense communities
of life. Creatures there live without photosynthesis—relying
on microorganisms for sustenance. They exemplify the di-
versity that we have only recently begun to explore—even
in the most extreme environments. These hot springs in the
deep sea could have been the wellspring for life on our planet.

The deep sea is a reminder that we stand on the very
threshold of a new age of scientific exploration, one that will
give us a more profound understanding of our planet and
allow us to improve the quality of people’s lives worldwide.
Yet some of the changes we humans bring about are not for
the better. The ozone hole that now appears over Antarctica
every year is a reminder that the cumulative effect of billions
of individual human actions can have far-reaching, although
unintentional, consequences. We understand now that
changes in global climate cannot be understood without
taking into account the effect that humans have on the envi-
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ronment—the way our individual and institutional actions
interact with the atmosphere, the oceans, and the land.

The greatest question of our times may be how we can
avoid the pitfalls and still grasp the opportunities that sci-
ence and technology hold. When we limit our view of human
health to problems of disease, diagnosis, and cure, we miss
a significant perspective. A larger vision recognizes the evo-
lutionary processes through which we arrived on the scene
and the ecological balances that sustain us. We see the vul-
nerability of the planet and our co-inhabitants on it as our
vulnerability. The study of biocomplexity science and its
essential backbone, the Tree of Life, provide us with a way
through and beyond these conundrums. Understanding the
relationships among organisms and between organisms and
the environment is our surest path to a healthier, more se-
cure future.
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Douglas J. Futuyma

The Fruit of the Tree of Life

Insights into Evolution and Ecology

A milestone in the history of biology—and indeed of science
and of society—was passed in February 2001, when two
research groups announced completion of a “draft” of the
human genome (International Human Genome Sequencing
Consortium 2001, Venter et al. 2001). Even if some biolo-
gists felt that this event had rather less scientific significance
than the public acclaim might suggest (because, after all,
complete genome sequences had already been published for
quite a few other species), the social and medical implica-
tions are undeniably immense. And for an evolutionary bi-
ologist, the most gratifying aspect of this historic event is that
the leading publications are pervaded with evolutionary in-
terpretation: “Most human repeat sequence is derived from
transposable elements.” “The monophyletic LINE1 and Alu
lineages are at least 150 and 80 Myr old, respectively.” “[M]ost
protein domains trace at least as far back as a common animal
ancestor.” “[Clonservation of gene order [between human and
mouse] has been used to identify likely orthologues between
the species, particularly when investigating disease pheno-
types.” [All quotations are taken from International Human
Genome Sequencing Consortium (2001).]

An evolutionary perspective has been indispensable for
making any sense of the features of the human genome, sim-
ply because all the characteristics—genomic and phenotypic
alike—of all organisms are the products of evolutionary his-
tory. We thus need to understand, as fully as possible, both
what that history has been (how old are protein domains?)
and what processes have produced it (how did repeat se-

quences arise?). These, indeed, have been the two overarch-
ing tasks of the science of evolutionary biology. It should be
obvious that studies of history and of processes should each
support and illuminate the other. Indeed, they do, and much
of the excitement and progress in contemporary evolution-
ary biology stems exactly from the interpenetration of pro-
cess-oriented and history-oriented research, a subject of this
essay.

The Emergence of a Synthesis

The study of evolutionary history has historically been mostly
the task of the “macroevolutionary” fields of paleontology and
phylogenetic systematics, whereas evolutionary processes
were traditionally viewed through the “microevolutionary”
lenses of population and ecological genetics. As recently as
1988, one could bewail the great schism that has divided the
two great realms of evolutionary biology for much of its
history and urge a meaningful synthesis between them
(Futuyma 1988). Historians of science will some day ana-
lyze how the synthesis of macroevolutionary and microevolu-
tionary approaches, in which phylogenetic studies play so
critical a role and which is still underway, came about. 1
would like to offer a few historical impressions before
sketching some of the ways in which phylogenetics is mak-
ing indispensable contributions to the broader fields of evo-
lutionary biology and ecology.
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Before the Modern Synthesis of evolutionary theory, in-
ferring relationships and erecting classifications in an evolu-
tionary spirit were viewed as major goals for biology and
motivated paleontology, morphology, and embryology. Many
classifications were developed that were intended to reflect
common ancestry (and, in many cases, appear to have
achieved that goal remarkably successfully). This work was
accompanied by conclusions about the history of character
transformations (e.g., the origin of mammalian auditory os-
sicles). During this period, an “eclipse of Darwinism” in which
natural selection suffered ill repute (Bowler 1983), system-
atic and paleontological research was neither deeply informed
by, nor contributed much to, understanding of the causal
factors of evolution.

By the 1930s, evolutionary morphology became relegated
to the sidelines by the rise of experimental disciplines such
as genetics (Bowler 1996), and embryology became an ex-
perimental rather than a historically motivated descriptive
discipline. Evolutionary biology was transformed by the
Modern Synthesis, which arrived at a consensus that genet-
ics supported Darwinism, that natural selection was the most
important cause of evolution, and that “macroevolutionary”
changes are the consequence of cumulative “microevolution-
ary” changes. The synthesis could not have occurred with-
out the contributions of systematists such as Mayr, Rensch,
and Simpson and of the genetically oriented naturalists
Dobzhansky and Stebbins, with their systematic background.
Although the systematists drew on earlier phylogenetic
studies to support their thesis that macroevolution was ex-
plainable by the “neo-Darwinian” synthetic theory [e.g., by
pointing out major changes in form associated with changes
in function (Mayr 1960)], their contributions to the synthe-
sis arose mostly from their analyses of speciation and in-
traspecific variation, rather than phylogeny.

The synthesis unquestionably emphasized evolutionary
processes rather than evolutionary history as the locus of
progress and invigorating challenge, and in this way doubt-
less joined the growing trend toward experimental biology in
marginalizing phylogenetic and historical studies. It is unde-
niable, however, that few systematists countered by portray-
ing phylogeny as a rigorous discipline (it wasn’t; that is why
new methods were developed in the 1960s and thereafter) or
by demonstrating that it could contribute to conceptual un-
derstanding. For example, one of the people who inspired me
to study evolution was William L. Brown, Jr., the world’s au-
thority on ant systematics. Although he was inspiring in his
search to understand evolutionary processes (e.g., Brown and
Wilson 1956, Brown 1959), not once, in my memory, did he
use ants to illustrate, develop, or test hypotheses about evolu-
tionary processes or history. Many systematists displayed far
less interest in evolutionary processes than he, and phyloge-
netic hypotheses were a less conspicuous part of their work
than were description of species and revision of genera. Im-
portant though such contributions are, they seldom conveyed
intellectual excitement or conceptual progress.

The orthodoxies and preoccupations of a field are often
most visible (even if time-lagged) in textbooks, and the few
textbooks of evolution published in the 1960s and 1970s
illustrate how small a role phylogeny played in evolutionary
biology at that time. Both short, elementary paperbacks,
whether authored by nonsystematists (Stebbins 1966, Volpe
1970) or systematists (Savage 1963), and longer undergradu-
ate textbooks (Dodson 1960, Eaton 1970) figured at most
five phylogenies of real organisms, usually incorporating a
fossil record. The Equidae, based on Simpson, and the “rep-
tiles,” based on Romer or Colbert, were the usual subjects.
Virtually the only conceptual point illustrated was adaptive
radiation; certainly no suggestions that phylogeny could in-
form our understanding of process were made. Perhaps re-
flecting the senior author’s later attitude toward systematics,
the major textbook of the 1960s, Ehrlich and Holm’s The
Process of Evolution (1963), contained not a single phylog-
eny. Although 8 of the 38 short chapters in Grant’s Organ-
ismic Evolution (1977) treat macroevolution, the only two
phylogenies depicted accompany a description of the adap-
tive radiation of Hawaiian honeycreepers and a discussion
of the canonical Hyracotherium-to-Equus “trend.”

The virtual invisibility of phylogeny in textbooks was fi-
nally ended by Dobzhansky et al. (1977), who included a
short discussion of numerical taxonomy and cladistics, sev-
eral phylogenies illustrating macroevolutionary histories such
as the origin of amphibians, several phylogenies based on
distance analyses of molecular data (including some of Ayala’s
own work with electrophoresis), and perhaps most interest-
ing, an illustration of how a phylogeny of Hawaiian Droso-
phila, based on chromosome inversions, supported a
postulated history of interisland colonization. This example
suggested that phylogenies could be useful for evaluating
hypotheses about evolutionary histories. The first edition of
my own textbook (Futuyma 1979) described phenetic and
cladistic methods, included several phylogenies illustrating
the history of diversification, presented several phylogenies
as a basis for hypotheses about evolutionary processes
(fig. 3.1), and emphasized that “all the examples of rates and
directions of evolutionary change discussed [are based] on
the assumption that it is possible to infer the phylogenetic
history of species correctly.”

The resurgence of phylogenetic research and its slow
integration into the broader field of evolutionary studies, as
reflected by these textbooks, had several causes. First and
foremost were attempts to develop rigorous, quantitative
methods for erecting classifications (Sokal and Michener
1958) and especially for inferring phylogenies (e.g., Hennig
1950, Edwards and Cavalli-Sforza 1964, Kluge and Farris
1969, Felsenstein 1973). The expectation of greater rigor
made the phylogenetic enterprise more optimistic, more
conceptually dynamic, and thus more attractive to prospec-
tive researchers in the field, and made it potentially more
respectable in the view of evolutionary biologists outside the
field. [However, I suspect the integration of phylogenetic



s r,-;'
—~ Q\:‘ § \’\C: S a0
= = 2 l::»\\l\_~>
T[54 >\
5 | - 2\
‘ o 14 E_fj
. S %
o ,l\ 3
v (X \oad
j Nz

Figure 3.1. A rare, early example of a phylogenetic tree used

to exemplify an important evolutionary principle. L. H.
Throckmorton illustrated parallel evolution of the form of the
male ejaculatory bulb in species of the Drosophila repleta species
group, displaying the morphology on a phylogeny inferred from
chromosome inversions. After Throckmorton (1965) and
Futuyma (1979).

systematics and other fields of evolutionary study would have
happened faster if nonsystematists had not recoiled from the
“warfare” among adherents to different systematic doctrines
(Hull 1988) and from the astonishingly combative language
and behavior of some partisans.]

Second, phylogenetic study became supported by new
kinds of data and pursued by individuals trained in a differ-
ent tradition. Molecular data enabled individuals to do phylo-
genetic study without apprenticeship in taxon-specific
comparative morphology, especially if a molecular clock were
valid. Moreover, such data, especially amino acid sequences
and electrophoretic allele frequencies, could be interpreted
from the perspective not only of systematics but also from
that of population genetics. The contributions of individu-
als whose work embraced both populations genetics and
phylogeny (e.g., Felsenstein, Nei, Templeton) may have met
resistance from organism-oriented systematists (and to some
extent still do), but they did and do form a bridge between
phylogenetics and process-oriented evolutionary biology.

Third, the 1970s saw a resurgence of interest in macro-
evolution, including topics such as developmental con-
straints (and “evo-devo” generally), punctuated equilibrium
and its proposed implication for evolutionary trends, spe-
cies selection and the differential diversification of clades, and
changes in diversity through the Phanerozoic. Such topics
could hardly be studied without a phylogenetic framework.

Fourth, some individuals urged a synthesis between
phylogenetics and studies of evolutionary processes, and
undertook research that required such synthesis. Almost
from its inception, the study of molecular evolution de-
pended on a phylogenetic framework, as in the revelation and
analysis of gene duplication (e.g., Goodman et al. 1982) and
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in tests of rate constancy in sequence evolution (Wilson et al.
1977, Kimura 1983). Some systematists (especially young
ones) eagerly sought ways of applying phylogenetic meth-
ods to evolutionary questions in areas such as coevolution
and character evolution (Brooks and Glen 1982, Mitter and
Brooks 1983, Sillén-Tullberg 1988). Felsenstein (1985) of-
fered a method of accounting for phylogeny in comparative
studies of adaptation in a paper that elicited more reprint
requests than anything else he had published (J. Felsenstein,
pers. comm.). In a 1987 address to the Society for the Study
of Evolution (SSE), I described ways in which phylogenetic
and process-oriented studies could inform each other
(Futuyma 1988); later, I organized a symposium on this
theme for the 1988 meeting [several of the talks were pub-
lished in Evolution 43(6):1137-1208].

A synthesis slowly developed despite extraordinary Sturm
und Drang (“storm and stress”) in the late 1970s and early
1980s, when it seemed as if “macroevolutionists” and
“microevolutionists” were forming increasingly isolated, even
hostile, camps (Futuyma 1988). At meetings of the SSE from
1981 through 1988, only about 4% of contributed papers
referred to phylogeny (judging from titles in the programs),
but this increased to 12% in 1989, when the meeting also
included symposia on phylogenies based on ribosomal genes
(organized by E. Zimmer and D. Hillis) and on cladistic ap-
proaches to evolutionary innovation (organized by C. Mitter
and B. Farrell). In 1990, the SSE met with other societies in
the fifth International Congress of Systematic and Evolution-
ary Biology, the theme of which (“the unity of evolutionary
biology”) was conceived explicitly as a synthesis of histori-
cal and process-oriented evolutionary disciplines (C. Mitter,
pers. comm.). At this meeting, the Society of Systematic
Zoologists decided to become the Society of Systematic Bi-
ologists and to meet jointly with the SSE thereafter (Hillis
2001). The joint meetings now include both symposia and a
high proportion (about 26% in 2001) of contributed papers
with a phylogenetic theme or flavor. Many of the papers
explicitly apply phylogenetic methods or information to a
wide variety of problems in evolutionary biology. Of course,
this growing mutualism between phylogenetic systematics
and other subdisciplines of evolutionary biology has also
become evident in the contemporary literature.

Phylogenies in Contemporary Evolutionary
Biology and Ecology

In the mid-1980s, phylogeny was almost invisible in the
pages of Evolution and of most other evolutionary journals.
Less than two decades later, it pervades the literature on al-
most every major subject in evolution, to the point at which
some have wondered if demands for a phylogenetic frame-
work may even be sometimes excessive (e.g., Westoby et al.
1995; see Silvertown et al. 1997). Moreover, we now seek
phylogenies not only of species and higher taxa, but also of
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genes within genomes and of variant gene sequences within
and among species. The same methods can yield trees for
organisms and trees for genes, which in turn can shed light
on the history and processes that have affected genomes,
organisms, and populations.

The many issues in evolution and ecology that are in-
formed by phylogenetic analysis (table 3.1) fall under sev-
eral major headings, each of which I address briefly below
with a few examples. My emphasis is on questions pertain-
ing to the evolution and ecology of organisms and thus,
chiefly, on rather traditional questions that phylogenetics can
now help answer. I will not treat molecular evolution, in
which phylogenetic analysis bears on almost every topic, such
as rates of sequence evolution, mutation, and recombination;
the evolution of gene families and the homology (paralogy)
of functionally different genes; horizontal gene transfer; the
time of silencing of pseudogenes; and many others. These
topics warrant book-length treatment (e.g., Li 1997) and are
far from my areas of competence.

Evolutionary Processes within Species

Phylogenetic methods provide insights into evolutionary pro-
cesses within species by way of both phylogenies of genes and
phylogenies of populations and species. Traditional population
genetic theory deals with the ways in which frequencies of
alleles are affected by mutation, genetic drift, gene flow, and
natural selection. Coalescent theory expands traditional popu-
lation genetic theory by analyzing these processes in a history
of phylogenetic (or genealogical) relationships among the al-
leles (Hudson 1990). For example, a population with a con-
stant size of N, breeding individuals may begin with different
gene lineages, each of which diversifies as new mutations oc-
cur. Ifall the sequences are selectively equivalent (neutral), gene
lineages become extinct by genetic drift, at a rate inversely
proportional to the population size. After about 4N, genera-
tions, all except one original lineage will have become extinct,
on average, such that all genes are descended from (“coalesce
to”) one of the original genes. What began as a genetically
“polyphyletic” population becomes monophyletic because of
genetic drift. The gene tree continues to branch by mutation,
but because the tree is continually pruned by genetic drift, only
a large population will contain multiple old (“deep”) branches
that differ by many mutations. Therefore, a gene tree with deep
branches indicates a population that has been large or subdi-
vided, and a shallow gene tree signals a small or bottlenecked
population (assuming selective neutrality). Given an estimate
of the mutation rate (u), in fact, the effective population size
can be estimated from the frequency of heterozygotes per site
(which is expected to equal the product 4N,u at a diploid
locus).

The gene tree can also be affected by selection. For ex-
ample, balancing selection can maintain different gene lin-
eages, giving rise to much deeper branches in the gene tree

than expected from N, alone, whereas directional selection
that recently fixed an advantageous mutation will have swept
away linked neutral variation, resulting in a very shallow gene
tree (of sequences that have arisen by mutation since the
selective sweep). The effects of selection versus genetic drift
can be distinguished by comparing multiple genes that are
not closely linked, because genetic drift affects all genes simi-
larly whereas selection affects genes individually.

Among the best-known applications of this approach to
date are analyses of human gene trees, which fairly consis-
tently imply that the effective size of the human population
has been quite small, on the order of 100,000 or less. (The
effective size, which is approximately the harmonic mean
of breeding numbers in successive generations, is mostly
strongly determined by reductions, or bottlenecks, in size.
Therefore, the recent explosive growth of the human popu-
lation has had little effect on N,.) Although many basal gene
lineages are found in African populations, almost all non-
African haplotypes belong to a single nonbasal clade—points
that strongly favor the hypothesis that the contemporary
human population of the world has been derived from an
African population in the very recent past (e.g., Hammer
1995, Ingman et al. 2000). This approach to estimating his-
torical effective population size might also be applied to
historical bottlenecks that may have accompanied specia-
tion. In such a study of a pair of sister species of leaf beetles
(Ophraella), we estimated that N, was greater than one mil-
lion, a far cry from a bottleneck (Knowles et al. 1999). How-
ever, there may have been enough time since speciation of
these beetles for high sequence variation to have been regen-
erated even if there had been a bottleneck; the method will
detect a bottleneck only if divergence has been too recent for
coalescence to have occurred in a large population. Similar
analyses do indicate small N,, perhaps due to a speciation
bottleneck, in Drosophila sechellia, endemic to the Seychelles
Islands (Kliman et al. 2000).

In contrast to the very shallow branches of most human
gene genealogies, the tree for human genes in the major his-
tocompatibility complex (MHC) shows very deep branches;
in fact, different human haplotypes are more closely related
to chimpanzee MHC haplotypes than to other human haplo-
types. Thus, the MHC polymorphism has been maintained
for more than 5 million years, longer than expected for neu-
tral variants if current estimates of human N, are correct. The
gene tree thus provides prima facie evidence of balancing
selection. It has been suggested that selection by diverse
parasites may have maintained variation (Hughes 1999).

Probably the most active area of research in intraspecific
phylogeny is phylogeography, the study of the geographic
distribution of genealogical lineages (Avise 2000). Often com-
bined with coalescent analysis, such studies are shedding
light on histories of population subdivision, gene flow, colo-
nization, and range expansion. For example, the classic stud-
ies of Bermingham and Avise (1986) revealed a common
history of vicariant differentiation in several species of fresh-
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Some Applications of Phylogenetic Study in Evolutionary Biology and Ecology.

1. Evolutionary processes within species

. Isolation, vicariance, and gene flow

. Colonization and range expansion

. History of population size

. Mutation rates

. Selection on DNA sequences

. Sexual selection

. Asexual reproduction vs. recombination

1. Character evolution

. Meaning and identification of homology and homoplasy
. Rates of evolution

. Inferring lability and constraint

Comparative method of inferring adaptation

. Polarity, evolutionary sequences, origin of novelties

Genome evolution (duplications, repeated sequences, etc.)

O U hWN = A O U W

7. Locating candidate genes for traits
8. Historical framework for experimental analyses

III. Speciation
1. Delimiting species

2. Geographic pattern of speciation

. Demography of speciation

. Duration of speciation process

Hybrid speciation, introgression

. Pattern of evolution of reproductive isolation
Dating speciation

g NGk W

IV. Diversity

. Hypotheses for diversification (e.g., key adaptations)
. Estimating speciation and extinction rates

. Estimating number of ghost lineages

. Cospeciation of interacting lineages

. Adaptive radiation

. Hypotheses for regional diversity differences

cology

. Community assembly: geographic sources of species
Community assembly: evolution of interactions

. Coexistence in relation to phylogenetic affinity

. Convergence in community structure

. Changes in viral infection rates

<
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VI. Conservation
1. Identifying “management units” and “evolutionarily
significant units”
2. Conserving “evolutionary history”
3. Predicting extinction risk

Avise (2000), Zink et al. (2000)

Taberlet et al. (1998), Ballard and Sytsma (2000)
Takahata et al. (1995), Wakeley and Hey (1997)
Kimura (1983), Lynch et al. (1999)

Hudson (1990)

Basolo (1996), Barraclough et al. (1995)
Guttman and Dykhuizen (1994)

Sanderson and Hufford (1996), Wagner (1989)

Lynch (1990), Gittleman et al. (1996)

Gittleman et al. (1996)

Felsenstein (1985), Martins (1996)

Donoghue (1989), Lee and Shine (1998), Wahlberg (2001)
Fitch (1996), International Human Genome Sequencing Consor-
tium (2001)

Crandall and Templeton (1996)

Futuyma et al. (1995), Ryan and Rand (1993)

Avise and Ball (1990), Baum and Shaw (1995)

Schliewen et al. (1994), Berlocher (1998), Barraclough and Vogler
(2000), Coyne and Price (2000)

Knowles et al. (1999), Hare et al. (2002)

McCune and Lovejoy (1998), Avise and Walker (1998)

Rieseberg (1997), Dowling and Secor (1997)

Coyne and Orr (1989)

Klicka and Zink (1997), Knowles (2000)

Mitter et al. (1988), Sanderson and Donoghue (1996)
Mooers and Heard (1997), Barraclough and Nee (2001)
Sidor and Hopson (1998)

Brooks and McLennan (1991), Page and Hafner (1996)
Givnish and Sytsma (1997), Schluter (2000)

Qian and Ricklefs (1999), Chown and Gaston (2000)

McPeek (1995), Zink et al. (2000)

Farrell and Mitter (1993), Futuyma and Mitter (1996)
Webb (2000)

Losos et al. (1998)

Holmes et al. (1996)

Vane-Wright et al. (1991), Moritz (1994)

Purvis et al. (2000a)
Purvis et al. (2000b)

water fishes in the southeastern United States: The mitochon-
drial gene tree of each species included two major clades of
variant sequences, distributed to the west and east of a prob-
able Pliocene saltwater barrier. Similar studies have revealed
the likely sites of refugia for many species during Pleistocene
glacial episodes and the routes of postglacial colonization
(e.g., Taberlet et al. 1998). Postglacial expansion over broad
areas by relatively few colonists appears now to account for
lower levels of genetic variation within and among popula-
tions at higher latitudes than at lower latitudes. For example,
northern populations of MacGillivray’s warbler (Oporornis

tolmiei) collectively have a shallower mitochondrial gene tree
than do southern populations (fig. 3.2; Mila et al. 2000).
Phylogenies of species rather than genes can also help to
illuminate evolutionary processes. For example, the relative
rate test for constancy of sequence evolution requires phy-
logenies, and approximate constancy, together with time-
calibrated divergence between taxa, is the basis of most
estimates of mutation rates at the molecular level (Kimura
1983). A very different example is provided by studies of
sexual selection. For instance, Basolo (1996) found that in
fishes of the genus Xiphophorus, females prefer males with a
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Figure 3.2. An example of
inference of historical demography
in a phylogeographic analysis.
Samples of a mitochondrial
cytochrome gene in MacGillivray’s
warbler (Oporornis tolmiei) from
localities in western United States
and a small region in northern
Mexico show high haplotype
sequence diversity in Mexico,
whereas the northern samples
include only a single common
haplotype and rare, presumably
recently originated variants that
differ from the common haplotype
by single mutations. The gene tree
(or network) is consistent with the
hypothesis that northern popula-
tions are derived from relatively
small numbers of postglacial
founders. After Mil4 et al. (2000).

sword (an elongation of the lower caudal fin rays). Remark-
ably, females display such a preference not only in those
species that have swords (swordtails) but also in species that
normally lack them (platies). Although different estimates of
phylogenetic relationships within Xiphophorus made it am-
biguous whether or not the female preference in swordless
species reflected a plesiomorphic state (i.e., preference hav-
ing evolved before the male sword), Basolo showed that the
female bias also characterizes Priapella, an indisputably primi-
tively swordless sister lineage of Xiphophorus. At the time, the
idea that preexisting female preferences may play a role in
sexual selection was a rather new hypothesis, contending
with several other models of sexual selection by female
choice.

Speciation

Studies of speciation must have an intimate relation to phy-
logeny, if for no other reason (obvious now, but perhaps not
always so) than that it is often necessary to identify correctly
the products of a speciation event, namely, sister species.
Even the delimitation of species may depend on phylogenetic
data, at least for those who prefer to define species in genea-
logical terms, such as genetic monophyly (e.g., Baum and
Shaw 1995, see also Avise and Ball 1990). A phylogeny is a
sine qua non for identifying instances in which new species
have arisen from interspecific hybrids (e.g., Rieseberg 1997)
and for dating speciation events. For example, successive
speciation events have apparently occurred within the Pleis-
tocene in montane Melanoplus grasshoppers (Knowles 2000).
In contrast, many sister species of North American birds that
were formerly presumed to have arisen in Pleistocene glacial
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refugia appear to have diverged in the Pliocene (Klicka and
Zink 1997), although speciation is a continuing process that
in some of these cases probably extended into the Pleistocene.
This conclusion arises from the suggestion that the minimal
duration of the speciation process may be estimated from the
difference between the temporal depth of the branch point
between sister species and the temporal depth of the deep-
est nodes within the gene tree of one of those species
(McCune and Lovejoy 1998, Avise and Walker 1998). On
this basis, Avise and Walker (1998) concluded that specia-
tion in birds and mammals generally takes about 2 Myr (mil-
lion years), so populations that began diverging in the later
Pliocene would have completed speciation in the Pleistocene.
McCune and Lovejoy (1998) used this approach to compare
the estimated duration of speciation in clades in which allo-
patric speciation is probable and clades in which they con-
sidered sympatric speciation a likely possibility. The results
of their analysis were consistent with the hypothesis that
sympatric speciation, which cannot occur except by strong
selection, should be faster than allopatric speciation.

How to distinguish sympatric from allopatric speciation,
and even how to provide convincing evidence that sympat-
ric speciation occurs, have long been vexing questions. Phy-
logenetic approaches are at last promising answers. Probably
the most convincing case of completed sympatric speciation
is provided by several apparently monophyletic species
groups of cichlids in crater lakes in Cameroon (Schliewen
etal. 1994). The lakes are structurally simple and ecologi-
cally rather homogeneous, so if speciation occurred within
the lakes, as the phylogeny implies, it must have been truly
sympatric. In birds, in contrast, monophyletic species groups
have evidently not evolved on islands that lack topographic
and vegetational barriers, suggesting that bird speciation is



usually allopatric, as has long been thought (Coyne and Price
2000). In another approach to the problem, suggested by
Berlocher (1998) and Barraclough and Vogler (2000), the
degree of range overlap between sister taxa in a clade is plot-
ted against a surrogate for divergence time (e.g., sequence
divergence). The overlap between sympatrically originated
taxa must remain high or decline (because they start with
maximal overlap of the smaller range by the larger), whereas
overlap between the ranges of allopatrically originated taxa
can only increase with time. Most of the phylogenies ana-
lyzed by Barraclough and Vogler (2000) were consistent with
allopatric speciation, but two insect phylogenies suggest a
role for sympatric speciation.

Character Evolution

Probably all claims about the evolution of characters among
species must have a phylogenetic foundation. Historically,
this was often not explicitly stated or perhaps even recog-
nized, but clearly phylogenetic assumptions underlie the
belief that parasites have “degenerated” in morphology, or
that Hyracotherium and subsequent equids represent a trans-
formation series. Today, phylogenies are the explicit basis for
many, perhaps most, studies of character evolution, whether
phenotypic or molecular. They are required to distinguish
homology from homoplasy and to estimate rates of charac-
ter evolution. “Conservative” characters, with low evolution-
ary rates, provide material for analysis of possible constraints.
Homoplasy provides data for the analysis of adaptation by
the “comparative method” (Harvey and Pagel 1991), which
most practitioners now agree should be based on explicit
phylogenies, so that independent evolutionary changes in a
trait of interest can be correlated with environmental factors
or with other characters.

Phylogeny has long been the (at least implicit) basis for
understanding character transformations, such as the origin
of novel features (e.g., wings, auditory ossicles, the sting of
aculeate Hymenoptera). This enterprise is being rejuvenated
as the developmental and genetic bases of such transforma-
tions are illuminated in a phylogenetic framework. Both con-
servation and change in the expression and functional roles
of Hox genes, for example, provide unprecedented insights
into evolutionary changes in body plans (Carroll et al. 2001).
We are also better able to evaluate traditional ideas about the
polarity of character evolution. For example, the venerable
idea that ecological specialists evolve from generalists far
more often than the converse has many implications; it might
explain, in part, why many clades of herbivorous insects are
composed mostly of host-specialized species (Futuyma and
Moreno 1988). Only recently, however, has breadth of re-
source use been mapped onto phylogenies in order to infer
the direction of change. In some cases, such as the host range
of Dendroctonus bark beetles, the traditional hypothesis has
been supported (Kelley and Farrell 1998). In quite a few other
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phylogenies, however, at least some generalists arise from
more specialized ancestors (Nosil 2002), and although it may
be premature to conclude that there is “little support for the
generalist-to-specialist hypothesis” (Schluter 2000), it is cer-
tainly clear that any such trend is far from universal.

To an increasing extent, even experimental studies of
character evolution are being designed in a phylogenetic or
historical framework. For example, I explicitly conceived my
own work on host shifts in Ophraella (Coleoptera: Chryso-
melidae) as a study of a character that systematics had shown
to be interesting, and as an example of mutualism between
phylogenetic and population genetic approaches. Insect sys-
tematists have long known that host—plant association is a
highly conservative character in many groups of phytopha-
gous insects; clades that may date back to the Cretaceous
often are restricted to a single plant family (Ehrlich and Raven
1964, Farrell and Mitter 1993). Such features invite the
hypothesis that internal constraints may limit evolution
(Maynard Smith et al. 1985). Such constraints might mani-
fest by absence or paucity of genetic variation (the prerequisite
for any evolution). I posed the hypothesis that the pathways
of evolution of host affiliation actually taken by an insect clade
may have been more likely, because of constraints on some
characters rather than others, than the paths not taken
(Futuymaeet al. 1993, 1995). Thus, for example, if most host
shifts have been between closely related rather than distantly
related plants, this hypothesis predicts that features neces-
sary for survival and reproduction on a novel plant would
be more genetically variable if the plant is closely related than
if it is distantly related to the insect’s current host plant.

Most of the 14 currently recognized species of Ophraella
feed only on one or another genus of plant, in one of four
tribes of Asteraceae. Our proposed phylogeny of Ophraella,
based first on morphological and allozyme characters and
later on mitochondrial gene sequences (fig. 3.3; Funk et al.
1995), provides no evidence for cospeciation or codiversi-
fication with the host plants but does show that host shifts
have been more frequent within than between host tribes
(i.e., adaptation to closely related plants has been the norm).
Larval and adult beetles feed and survive much better on their
own hosts than on those of their congeners, and in some
instances the (presumably chemical) barriers to feeding re-
sult in almost no feeding at all. Using breeding designs com-
monly employed in quantitative genetics, we screened large
numbers of naive hatchling larvae and newly eclosed adults
for their feeding response to and ability to survive on foliage
of as many as six species of plants that are hosts of Ophraella
species, but not of the particular species being screened. We
performed such screens for genetic variation in feeding re-
sponse and survival with four species of Ophraella, resulting
in a total of 18 combinations of insect and plant species
screened for genetic variation in survival and 39 screens
of feeding responses (including both larval and adult re-
sponses). Overall, we detected genetic variation in survival
in only two cases: in both, the plant that supported geneti-
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Figure 3.3. The phylogeny of species of Ophraclla leaf beetles, connected by arrows to their host
plants. The hosts belong to four tribes of Asteraceae, indicated by different shading. The poor
congruence between the trees is consistent with other evidence that the beetles have shifted
among host lineages, for the most part, rather than cospeciating with their host plants. Host shifts
have been more frequent within than between plant tribes, illustrating conservatism of diet. The
beetle phylogeny is based on mitochondrial DNA sequences, and that of the plants on chloroplast
DNA studies (see Funk et al. 1995). A complete plant phylogeny would include many other
intercalated genera and tribes. From Futuyma and Mitter (1996).

cally variable survival was very closely related (in the same
subtribe) to the beetle species’ normal host. Although the
correlation was not strong, genetic variation in feeding re-
sponse was significantly more frequent among tests of spe-
cies on closely related plants (in the same tribe as the normal
host) than on distantly related plants (in a different tribe of
the Asteraceae). The results are consistent with the hypoth-
esis that a macroevolutionary pattern of host association re-
vealed by phylogenetic analysis may stem in part from genetic
biases revealed by the methods of evolutionary genetics.

Diversity

It seems hardly possible to discuss the origin of organismal
diversity without reference to phylogeny. For example, text-
book treatments of the subject have usually included phy-
logenetic diagrams (frequently including reference to
stratigraphic distributions, as in classical portrayals of the
history of the Equidae). It is only recently, however, that
phylogenies have served as explicit tools for testing hypoth-
eses about the history and causes of diversification. For ex-
ample, parasitologists had proposed phylogenetic hypotheses
about parasite-host associations by the 1940s, but only in
the early 1980s were phylogenies explicitly used to determine
whether the associations were caused by cospeciation and
codiversification (one form of coevolution) or by lateral shifts
of parasites among preexisting lineages of hosts (e.g., Brooks
and Glen 1982, Mitter and Brooks 1983). Subsequent re-
search, including development of methods for distinguish-

ing these hypotheses, has made it clear that different groups
of parasites and symbionts (sensu lato, including phytopha-
gous insects, microbes, etc.) exemplify both historical pat-
terns (Page and Hafner 1996).

Phylogenies provide by far the most important basis for
testing hypotheses about the role of “key innovations” as
causes of differences in rates of diversification among clades.
The tradition of attributing the high diversity of insects to
the evolution of wings, or of Coleoptera to elytra, or of an-
giosperms to the carpel has been criticized as ad hoc,
untestable “storytelling,” because each such event is unique
(lacking the replication required for any statement about
correlation), and each could in principle be attributed to any
of the many other apomorphies of these groups (even assum-
ing that their diversity has indeed been caused by any such
character). The method of replicated sister-group compari-
sons introduced by Mitter et al. (1988) provides a more rig-
orous test by comparing the species diversity of multiple
clades in which a putative diversity-enhancing character has
independently originated with that of their sister groups that
lack the character. The use of sister groups enables diversity
differences to be ascribed to differences in rate of speciation
and/or extinction rather than differences in age, and the rep-
lication provides a basis for statistical test. Mitter et al. (1988)
provided evidence that acquisition of the habit of herbivory
has enhanced the rate of insect diversification, and Farrell
(1998) later used this approach to argue that diversification
rate in phytophagous beetles has been greatly increased by
shifts from “gymnosperm” to angiosperm hosts. The hypoth-
esis that plant diversification has been enhanced by the evolu-



tion of defenses against herbivores—a key element of Ehrlich
and Raven’s (1964) scenario of coevolution—was supported
by the consistently greater species diversity of plant lineages
with latex or resin canals in sister-group comparisons—fea-
tures that have been experimentally shown to deter insect
herbivores (fig. 3.4; Farrell et al. 1991). Both key innovations
and ecological opportunity offered by “empty ecological
space” are associated with enhanced diversification rate, as
the many phylogenetic studies of adaptive radiation are dem-
onstrating (Givnish and Sytsma 1997, Schluter 2000).

Differences in species diversity among geographic regions
and among environments have attracted attention from both
ecologists and evolutionary biologists. Latitudinal gradients in
diversity, for example, might represent equilibrial conditions
dictated by interactions among species, or might have a more
historical explanation based on the history of speciation and
extinction (Chown and Gaston 2000). Stebbins (1974), for
example, suggested that the tropics might be a “cradle” of new
species originating at higher rates than elsewhere, or a “mu-
seum” in which extinction rates have been low and species have
accumulated over vast spans of time. Phylogenies that provide
time depths for many of the clades that contribute to the di-
versity differences will probably play an important role in re-
solving this long-persistent controversy. For example, a
molecular phylogenetic study of the diverse neotropical tree
genus Inga (Fabaceae) suggests that most of the approximately
300 species have originated within the last 6 Myr, favoring the
“cradle” interpretation (Richardson et al. 2001). On the other
hand, diversity at the level of higher taxa (genera, families) may
also be highest in tropical latitudes, suggesting that much more
comprehensive phylogenies will be needed to compare the dis-
tribution of divergence times that would account for differ-
ences in diversity between regions.

Geographical variation in species diversity and taxic com-
position stems in part from the processes that are the sub-
ject of historical biogeography (Morrone and Crisci 1995,
Humphries and Parenti 1999). This field has always been
inseparable from phylogenetic systematics, because the
higher taxa that are its subject must have phylogenetic mean-
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Figure 3.4. Replicated sister-group contrasts can test for effects
of apomorphic characters on diversity. These are two of the
sister-group pairs of seed plants in which species richness is
higher in the clade with apomorphic latex- or resin-bearing
canals. Based on Farrell et al. (1991).
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ing. Part of the “cladistic revolution,” in fact, consisted of
attempts to establish a more rigorous phylogenetic frame-
work to analyze distributions, in the form of “vicariance bio-
geography” (Nelson and Platnick 1981). The null hypothesis
or guiding principle was that distributions of taxa should be
explained by successive disjunctions among regions or areas,
resulting in congruent cladograms of taxa and of the areas
they occupy. However, the disparagement of “dispersalist”
explanations by some early vicariance biogeographers has
proven unwarranted, for phylogenetic analyses have been
equally powerful in providing evidence of dispersal. For ex-
ample, a recent analysis of the Chamaeleonidae, based on 644
parsimony-informative molecular, morphological, and be-
havioral characters, provides strong evidence that chame-
leons originated in Madagascar after its separation from India,
and later dispersed to Africa (at least twice), the Seychelles,
and the Comoros archipelago (fig. 3.5; Raxworthy et al. 2002).
Chameleons are among many taxa distributed around the
Indian Ocean that show more phylogenetic evidence of dis-
persal than of the Gondwanan vicariance that might have
been expected. As more phylogenies are developed, a bal-
anced view of the roles of vicariance and dispersal is emerg-
ing (Zink et al. 2000).

Community Ecology

The problems addressed by community ecology include the
species diversity and composition of species assemblages, and
the structure of their interactions (e.g., food web structure).
An evolutionary perspective has been important in commu-
nity ecology, both by suggesting how evolutionary responses
to interspecific interactions may shape community charac-
ter and by emphasizing the effects of history.

That community composition and structure may be af-
fected by “deep” evolutionary history should be a clear les-
son from historical biogeography. The absence of mammals
from New Zealand, of sea snakes from the tropical Atlantic,
and of bromeliads from Old World tropical forests must
count as major differences in community structure, even if a

M M AF AF SE M M M M M M AF AF AF AF

Figure 3.5. A reduced phylogeny of lineages of
Chamaeleonidae, showing the pattern of distribution in
Madagascar (M), Africa (AF), India (1), and the Seychelles (SE).
The phylogeny supports the hypothesis of dispersal from
Madagascar and is incompatible with postulated histories of the
separation of these land masses. After Raxworthy et al. (2002).
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few species play faintly convergent roles (moas, e.g., being
possible ungulate vicars). Thirty years ago, the discourse of
community ecology made little reference to historical accident,
because of a conviction that rapid evolutionary responses to
strong ecological interactions should have almost determinis-
tically shaped predictable equilibrial structures. This convic-
tion, or faith, has been shaken, and community ecologists now
appear to have a growing appreciation of the importance of
history. For example, plant species that we think of as form-
ing coherent assemblages (e.g., maple and hemlock) seem to
have undergone quite independent shifts in distribution
throughout the Pleistocene (Davis 1976), and differences in
the species diversity of trees in Europe, eastern Asia, and east-
ern North America appear largely attributable to differences
in extinctions suffered during glacial episodes, owing to dif-
ferences in the availability of temperate refuges (Latham and
Ricklefs 1993, Qian and Ricklefs 1999).

The impact of much older evolutionary histories has been
little analyzed but must be equally significant. For example,
many clades of phytophagous insects are so conservative in diet
that they have remained associated with the same plant family
since the early Cenozoic or earlier (Farrell and Mitter 1993,
Farrell 1998). Many genera of leaf beetles (Chrysomelidae) that
in New York State feed on only a single plant family include
other species that also exist in western North America, Europe,
or tropical America. In almost every case, the congeners in
those biogeographic regions feed, exclusively or in part, on
the same plant families as do their New York relatives (table
3.2; Futuyma and Mitter 1996). Thus, the producer—con-
sumer interface in communities in New York represented by
these insect—plant associations must have been shaped in part
by sorting among colonizing species from other regions, whose
establishment depended on host-related characters that had
evolved many millions of years before. (We cannot confidently
specify the direction of colonization for most of these genera,
because the required phylogenies have not been determined—
one example among many in which a more complete Tree of
Life would help to describe ecological history.)

The processes that give rise to an assemblage of stably
coexisting species include both sorting among colonists from
aregional species pool and evolutionary (or coevolutionary)
responses to species interactions in situ. That is, the charac-
teristics that enable species to coexist may have been “pre-
adaptations” that evolved before they came into contact or
may have evolved in response to the interaction between
them. These processes (which are not mutually exclusive)
have been difficult to distinguish, but phylogenetic ap-
proaches are providing some resolution. For example, islands
in the Lesser Antilles harbor either one species of anole, usu-
ally of medium body size, or two species, usually a small and
a large one. (Differences in body size are correlated with dif-
ferences in average prey size, and thus facilitate coexistence.)
Although this pattern suggests repeated character displace-
ment between competing species on two-species islands, a
phylogeny of the species suggests that the three small spe-

Table 3.2

Fraction (p) of New York Genera of Chrysomelidae
(Numbering n) that Share at Least One Host Plant Family
with Congeners in Europe and Tropical America.

Number of host families in New York

1 2 3 or more
P n P n P n
Europe 0.94 16 1.00 9 0.97 29

Tropical America  0.93 14 1.00 8 0.80 5

After Futuyma and Mitter (1996).

cies form a monophyletic group and that the two large species
that occur on two-species islands likewise are a monophyl-
etic group (Losos 1992). Thus, even if character displacement
occurred once, several two-species islands must have been
colonized by lineages that already differed in body size, con-
forming to the hypothesis that preexisting ecological dif-
ferences are required for species to come into coexistence.
Moreover, the independent evolution of large size in one
species (A. ferreus) on a one-species island suggests that char-
acter displacement may not be the sole explanation for evo-
lutionary changes in size.

In contrast to the Lesser Antilles, where coexistence of
ecologically different species has been due mostly to species
sorting, the Greater Antilles harbor four monophyletic groups
of anoles that have undergone strikingly similar adaptive
radiations (Losos 1992, Losos et al. 1998). “Ecomorphs” that
differ in size, shape, and microhabitat use have evolved in
parallel in Cuba, Hispaniola, Jamaica, and Puerto Rico (al-
though the set is slightly incomplete on the latter two islands).
It is likely that character displacement among competing
species has caused the adaptive divergence. The phylogenetic
framework is crucial for showing that the community struc-
ture on the several islands has arisen not by sorting ecologi-
cally dissimilar from similar species (as in the Lesser Antilles)
but by selection stemming from species interactions and the
intrinsic functional relationships between anoles and their
resources. The belief in predictable evolution of community
structure may not be entirely groundless.

Phylogenetic data may also cast light on the processes that
affect species assemblages on short time scales (i.e., in eco-
logical time). For example, hypotheses accounting for the
high species diversity of trees in many tropical forests include
neutral “drift” in the frequencies of ecologically equivalent
species (the number of which is ultimately determined by
long-term rates of speciation and extinction; Hubbell 2001);
greater herbivore- or pathogen-induced mortality of conspe-
cific than allospecific seedlings in the neighborhood of adult
trees, resulting in underdispersion of each species (Janzen
1970, Connell 1971); and “niche partitioning” among spe-
cies, based in part on use of different microhabitats. Webb
(2000) reported that tree species within 0.16-hectare plots



in lowland dipterocarp forest in West Kalimantan, Indone-
sia, were phylogenetically closer, on average, than if they had
been drawn at random from the entire local pool of 324 spe-
cies. This pattern is consistent with the hypotheses that phy-
logenetic affinity is correlated with ecological similarity and that
the overall species diversity consists, in part, of assemblages
of related species in a mosaic of different microhabitats.

Practical Applications

So many applications of biology depend on taxonomy that
we are inclined to forget that phylogenetic assumptions
underlie the applications. For instance, a major method of
weed management is the use of biological control agents, such
as host-specific insects that might be imported from the
weed’s region of origin. The bulk of research on such insects
consists of tests to assure that they will not attack economi-
cally important plants such as crops. Most of this effort is
devoted to tests of responses to plants in the same higher
taxon as the weed, that is, closely related plants. It may seem
obvious that a control agent for a weedy species of thistle
might be a potential threat to artichoke crops (a member of
the same tribe), but of course this rests on an assumption of
a phylogenetically sound classification. Conservation biolo-
gists have recently raised the concern that biological control
agents may attack threatened native species; for example, the
weevil Rhinocyllus conicus was introduced to North America
from Europe to control several adventitious European
thistles, but it also attacks several native thistles (Louda et al.
1997). (Advocates of biological control counter criticism by
saying that such spread was expected, but that concern for
native plant species was not a criterion for introduction when
the Rhinocyllus program was implemented.) I have suggested
that screening of potential biological control include tests for
genetic variation in the species’ fitness on closely related
nontarget species, because genetic adaptation to closely re-
lated plants is a common pattern in many clades of herbivo-
rous insects (Futuyma 2000).

Several authors have urged that phylogenetic informa-
tion be brought to bear in conservation biology (e.g., Vane-
Wright et al. 1991, Moritz 1994, Purvis 2000a, 2000b). One
might consider giving priority to conserving “phylogenetic
history,” if, for instance, the choice lay between a species flock
of very closely related species and an ecosystem that included
endemic or species-poor long phylogenetic branches (e.g.,
Sphenodon, Welwitschia). Phylogenetic or phylogeographic
information may likewise help to identify “evolutionarily sig-
nificant units” for management (Moritz 1994).

Conclusions

In an astonishingly short time, phylogenetic methods or
frameworks have become integral parts of almost every ma-
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jor area of evolutionary biology, and several parts of ecology
as well. A steady stream of papers suggests new uses for
phylogenies, with no end of inventiveness in sight. Because
it is clear that phylogenetic approaches and data will play an
increasingly important role in biological disciplines outside
systematics, we might ask how the mutualism between phylo-
genetic systematics and the other “biodiversity sciences” might
best be fostered. I do not presume to offer a deep or even well-
informed analysis, but instead a few modest suggestions.

First, systematists and the users of systematics might do
well (even for utterly self-serving reasons) to engage in some
of their work with an eye toward their mutual or reciprocal
benefit. For instance, ecologists engaged in biological inven-
tory projects amass collections that may include huge num-
bers of species, many rare or even undescribed. The value of
these collections for phylogenetic purposes would be enor-
mous if some specimens (or tissues) of each species were
cryopreserved for future molecular study. Systematists who
are engaged to help identify material from such inventories
might consider how future phylogenetic studies of both their
“own” taxa and others might be aided if they were to insist
that comprehensive samples be donated to frozen tissue
collections.

The fruits of phylogenetic studies will be most bountiful
if they are presented in ways that will make them most
broadly useful, especially in the indefinite future when cur-
rent methodologies or questions may come to be seen as
inadequate or parochial. Most critically, of course, the data
themselves must be permanently archived and available (e.g.,
sequence banks). I would urge, also, that a published phy-
logenetic study include the results of as many broadly used
analytical procedures as possible, including those with which
the author strenuously disagrees. One loses nothing by pre-
senting both total-evidence trees and separate trees from, say,
morphological and molecular data sets, or trees with both
bootstrap and Bremer support values, or indeed, the results
of parsimony, maximum likelihood, and other analyses. By
all means, an author should assert preference for one or an-
other result, but the interests of scientific understanding—
both of the phylogeny of the clade and a broad range of
possible evolutionary or ecological questions—will best be
served if the “users” of the phylogeny can assess what the
range of alternatives might be. (And it is as poor a use of time
for the ecologist to rerun alternative analyses from the data
bank as for the systematist to revisit remote regions from
which the ecologist might have provided a synoptic tissue
collection!)

Second, many of the uses to which phylogenies may be
put profit from or even require large phylogenies that are as
complete as possible. Most published phylogenies are incom-
plete, for understandable reasons of logistics or convenience.
However, inferences about temporal changes in speciation
and extinction rates, for example, might be made from phy-
logenies, but only if all extant taxa are included (Barraclough
and Nee 2001). Moreover, tests of many hypotheses, using
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published phylogenies, are severely limited by the number
and reliability of phylogenies suitable to the particular prob-
lem at hand; authors frequently use as examples only a few
phylogenies, which in some cases are quite controversial.
Because many questions in ecology and evolutionary biol-
ogy are questions of relative frequencies (e.g., the incidence
of various modes of speciation), phylogenies of many groups
will be needed. Thus, comprehensive phylogenies of large,
inclusive clades, such as the ever-growing tree of seed plants,
will be useful for many purposes we do not yet envision,
especially as these phylogenies become more complete. Al-
though the goal of a complete Tree of Life might not be at-
tainable, the journey toward it will enable us to address ever
more hypotheses ever more comprehensively.
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The Tree of Life

An Overview

Most of life, for most of life’s history, is about single-celled
organisms, which come in one of two types, eukaryotic and
prokaryotic. Most of life is probably prokaryotic, in terms of
numbers of cells, numbers of species, and time on Earth. Two
of the three domains of life are prokaryotic, the Archaea and
the Bacteria, and theirs are the oldest fossils, found in the old-
est unmetamorphosed rock [3.5 Byr (billion years) old; Schopf
et al. 2002; but see Van Zuillen et al. 2002]. Therefore, the last
universal common ancestor of all life (LUCA) was probably
prokaryotic, that is, a small cell (1-5 pm diameter), with a small
genome [~1-10 megabases (million bases)], few or no inter-
nal membrane-bound structures, and able to meet all its liv-
ing requirements using simple compounds (autotrophic).

Eukaryotes were almost certainly derived from prokary-
otes (but see Philippe, ch. 7 in this vol.). The oldest even
arguably eukaryotic fossils are only ~1.8 Byr old (Brocks et al.
1999). All well-studied eukaryotes have cells that are at least
an order of magnitude larger than those of prokaryotes with
genomes (100-10,000 megabases). However, we now know
that bacterial-sized eukaryotes, probably with nearly bacterial-
sized genomes (picoeukaryotes; described below), are com-
mon (Moon-van der Staay et al. 2001, Lopéz-Garcia et al.
2001), but even these are clearly distinct from prokaryotic
cells. Thus, eukaryotic cells are more structurally complex than
those of prokaryotes, having various internal membrane-
bound organelles, such as a nucleus, and are, for the most
part, energetically dependent on endosymbiotic bacteria, that
is, mitochondria and chloroplasts.

]. Pawlowski
A. G. B. Simpson

Until the 1980s, universal trees of life were based on a
combination of structural and biochemical data characters,
but these generally have either too much or too little varia-
tion to reflect reliably ancient evolutionary relationships.
Therefore, before the advent of molecular biology, construct-
ing an evolutionarily meaningful tree of life was a dubious
undertaking, at best. It was the discovery of the conserva-
tive, ubiquitous nature of ribosomal RNAs that changed this.

All living cells make protein and in pretty much the same
way using ribosomes that consist of a large and small sub-
unit (LSU and SSU). The catalytic core of each ribosomal
subunit is an RNA molecule, the ribosomal RNAs (rRNAs).
LSU and SSU rRNAs are large molecules, highly conserved
across all life, and extremely abundant. It is these character-
istics that make them such excellent “molecular phylogenetic
markers,” particularly SSU rRNA (also known by its sedimen-
tation coefficient of 12S for mitochondrial or 165-18S for
nuclear SSU or rRNA; Green and Noller 1997).

The highly conserved nature of SSU rRNAs allows these
sequences to be obtained relatively easily from most living
organisms and meaningfully compared with each other.
Thus, SSU rRNA data provided, for the first time, large num-
bers of clearly homologous characters across all life and led
to the first universal evolutionary trees derived by objective,
quantitative criteria. The most startling early discovery was
that prokaryotic cells are actually two fundamentally differ-
ent groups of organisms, archaebacteria (Archaea) and true
bacteria (Eubacteria or simply “Bacteria”), as different from
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each other as either is from eukaryotes (Eucarya; Woese and
Fox 1977).

There are now more than 40,000 SSU rRNA sequences
in the public domain (Benson et al. 2004). These clearly iden-
tify many (but likely not all) major taxonomic groups, some
previously only guessed at or entirely unknown. Parts of the
molecule are so highly conserved that they can be used as
primers to determine SSU rRNA sequences from even trace
amounts of DNA using polymerase chain reaction (PCR).
This technology has recently been adapted to allow sequenc-
ing of SSU rRNA from uncultured organisms or even from
mixed pools of total environmental DNA, an approach called
environmental or culture-independent PCR (ciPCR; Amann
et al. 1995, Moreira and Lopéz-Garcia 2001, Hugenholtz
et al. 1998; see also Pace, ch. 5 in this vol.). This has revealed
a tremendous diversity of previously unknown organisms at
all taxonomic levels.

SSU rRNA data first defined the universal Tree of Life and
remain the cornerstone of molecular systematics. Although
protein genes trees have revealed important discrepancies in
the SSU rRNA tree, each protein gene tree seems to have its
own, unique inaccuracies as well. Nonetheless, on the whole,
there is a general consensus on most branches among most
molecules, although no single gene seems able to accurately
reconstruct them all (Baldauf et al. 2000). Individual genes
also seem to lack sufficient information to resolve the deep-
est branches in the tree. For this reason, most studies of deep
phylogeny now employ multigene “concatenated” data sets
(CDSs). However, even this may not work for bacteria and
archaeans because of frequent trading of genes among even
very distantly related taxa [lateral gene transfer (LGT); see
Doolittle, ch. 6 in this vol.).

The following is a summary of the major groups of life
as we currently see them, and our best guesses as to how they
are related to each other. We have tried to provide a brief
description of each of the major groups, a summary of their
likely higher order relationships, and the nature of the sup-
porting data, both molecular and nonmolecular. The reader
should keep in mind that the deepest divergences in these
trees require large CDSs to test them, and only a few of these
are yet available. Furthermore, most habitats remain un-
sampled by ciPCR studies, and the identities of these new
“ciPCR taxa” need to be confirmed with other data. There-
fore, the following is very much a summation of a work in
progress, but, with a little luck, one we can continue to build
on for a while.

Overview of the Tree

Figure 4.1 summarizes our current best guess as to the com-
position of and relationships among the major groups of
living organisms based on a large number of independent,
partially overlapping studies. Emphasis is placed on SSU
rRNA trees, because these are the most comprehensive, and

on CDS trees, because these are the most accurate. The in-
tegrity of the three domains of life, Archaea, Bacteria, and
Eucarya, is now confirmed by a tremendous body of data,
including nearly 100 completely sequenced genomes. The
identities of most of the major groups within these domains
are also confirmed by many different data, both molecular
and nonmolecular. Some of the relationships among the
major groups (“deep branches”) are also well resolved by
substantial bodies of data, but the majority of these deep-
est branches are still only tenuously supported (shaded bars
on figure 4.1).

Arguably the single most outstanding question in the Tree
of Life is the position of the root. This can theoretically be
tested using ancient gene duplications that occurred before
the origin of the last common ancestor of all life. A number
of these duplications are known, and all seem to tell the same
story, that the root of the universal tree lies within Bacteria,
making Archaea and Eucarya sister taxa (Gogarten et al.
1989, Iwabe et al. 1989). This agrees with the striking simi-
larities between Archaea and Eucarya in nearly all aspects of
cellular information processing. Nonetheless, these are still
only a handful of genes each with only a small number of
universally alignable positions. These limitations, together
with the immense evolutionary distance involved (2—4 Byr),
make this an extremely difficult phylogenetic problem (see
Philippe, ch. 7 in this vol.), and this location for the univer-
sal root still needs to be regarded with caution.

Domain Bacteria

Bacteria are highly variable, and there are few general rules
about them that are not violated somewhere. Sizes average
1-5 ym but range from 0.1 to 660 ym. Most have a pepti-
doglycan cell wall sandwiched between an inner and outer
cell membrane composed of ester-linked lipids, but the cell
wall, the outer membrane, or both may be absent. A variety
of internal and external structures are found in bacteria, but
these are rarely membrane bound. Multicellular assemblages
are common, sometimes with terminally differentiated cell
types, and complex life cycles are found, sometimes includ-
ing several developmental stages. Motility is by means of
flagella, gliding, or adjustable buoyancy using gas-filled
vacuoles, and warfare is waged using a wide assortment of
“antibiotics.” Habitats seem to be any where there is water,
even small or sporadic amounts. These include everything
from deep crustal groundwater to natural gas deposits, vol-
canoes, oil spills, clouds, and many, many more (Madigan
et al. 1997, Paustian 2003).

Bacterial genomes are most commonly organized into a
single circular chromosome with a single origin of replica-
tion, very little repetitive DNA, many genes organized into
operons, and introns extremely rare. The chromosome is
located in a nuclear region (nucleoid) that is rarely membrane
bound, and proteins are synthesized nearby on 70S ribo-
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Figure 4.1. The Tree of Life. The tree shown is our current best guess on the major groups of life and their relationships to each
other. Solid bars indicate groupings for which there is considerable molecular phylogenetic support. Shaded bars indicate tentative

groupings with moderate, weak, or purely ultrastructural support.

somes such that transcription and translation are simulta-
neous (coupled). Extrachromosomal DNA minicircles (plas-
mids) are common, carry a variety of genes often including
ones for antibiotic synthesis and resistance, and vary widely
in size. Gene expression is regulated by diffusible RNA poly-
merase subunits, called sigma factors, that bind directly to
specialized promoter elements immediately preceding their
genes. Cells are generally haploid in lab culture, but most are
probably haplodiploid in nature, with large stretches of the
chromosome existing in multiple copies (Madigan et al. 1997).

Photosynthesis is common and usually anoxygenic, us-
ing photosystem I or II (PSI, PSII). Only cyanobacteria use
both PSI and PSII, which, when coupled, can split water and
release oxygen (i.e., perform oxygenic photosynthesis). A
wide diversity of bacteria are thermophilic (prefer or require
high temperatures). It therefore appears that thermophily
must have evolved multiple times, probably aided by lateral
transfer of critical genes such as DNA gyrase (Forterre 2002).
Adaptations to thermophily include positive supercoiling of

DNA and its packaging with histone-like proteins, increased
guanine + cytosine (G+C) content in catalytic RNAs (but not
in protein-encoding DNA), and on-demand production of
heat-labile small molecules. Parasitism and symbioses are
widespread, mostly with eukaryotes. However, bacteria can
parasitize other bacteria or members of Archaea and also form
sometimes extremely complex symbioses or highly coordi-
nated commensal relationships with them (Madigan et al.
1997).

Because Bacteria are too biochemically and morphologi-
cally plastic to be classified by such characters, their higher
order systematics and the entire field of bacterial evolution
did not really exist before molecular phylogeny. The first true
phylogenetic treatment of bacteria was Carl Woese’s now
classic 1987 paper in which he placed all the major groups
of cultured taxa into 12 “classical” groups, some predicted
and others still without phenotypic justification. More are
being added from existing culture collections—SSU rRNA
sequences exist for fewer than half of these taxa—and the
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exploration of new habitats. However, the biggest revolution
in our appreciation of bacterial diversity has come from ciPCR
studies (Hugenholtz et al. 1998). These suggest the possible
existence of 10-20 or more new groups, some of them wide-
spread and diverse and probably important components of
avariety of ecosystems (see Pace, ch. 5 in this vol.). The study
of bacterial evolution, and bacteriology in general, has been
further revolutionized by the advent of rapid whole-genome
sequencing, revealing the entire genetic inventory of diverse
bacterial species. There are ~70 completed bacterial genomes
listed at the National Center for Biotechnology Information
genomics server (Benson et al. 2004) and severalfold more
in progress (Bernal et al. 2001). There are also probably as
many again in the private domain, particularly from medi-
cally and commercially important taxa.

Molecular phylogenies of SSU rRNA and other universal
genes seem, for the most part, to define the major groups of
bacteria but not the relationships among them. This is be-
cause of an assortment of problems, including the antiquity
of these relationships, lack of sequence data from important
taxa, and LGT (see Doolittle, ch. 6 in this vol.). The extent
of LGT in bacterial evolution has only recently been recog-
nized, and although informational (transcription and trans-
lation component encoding) genes seem less susceptible (Jain
etal. 1999), no gene appears to be immune (see Doolittle,
ch. 6 in this vol.; see also Asai et al. 1999). Analyses of multi-
gene CDSs now show some consistent strong resolution of
major deep branches. However, these studies are still few in
number, only include taxa with completely sequenced ge-
nomes, are somewhat overlapping in gene content, and may
not always be free of LGT-induced artifacts. Therefore, fig-
ure 4.2 shows a somewhat optimistic view of higher order
bacterial systematics, and many newly described lineages are
missing because of a general lack of information on them.
The following adheres to the standardized bacterial nomen-
clature as proposed in the most recent edition of Bergey’s
Manual of Systematic Bacteriology (2001).

Hyperthermophiles: Thermotogae and Aquificae

Thermotogae

Thermotogae (fig. 4.2, node 2) are nonphotosynthetic rod-
shaped hyperthermophilic (65-95°C) anaerobes that con-
sume organic compounds and generate hydrogen gas and
hydrogen sulfide. Besides being phenotypically narrow, the
group as a whole is not particularly large or widespread, as
ciPCR studies indicate, and so far they are almost exclusively
restricted to geothermal habitats (Hugenholtz 1998). The
only well-characterized taxon is Thermotoga maritima, origi-
nally isolated from geothermal marine sediments and named
for its loose “toga-like” outer membrane. This taxon is usu-
ally among the deepest, if not the deepest, branch in phylo-
genetic trees within Bacteria. This seemed to be supported
by initial analyses of its completed genome sequence, which

showed that 24% of its genes are more similar to homologs
in Archaea than to those in Bacteria (Nelson et al. 1999).
However, this number appears to be considerably overesti-
mated (Ochman 2001) because it is based on a simple data-
base search strategy (“blastology”; see Doolittle, ch. 6 in this
vol.), and in-depth analyses of the remaining archaea-like
genes show that at least some are probably the result of rela-
tively recent LGT (Nesbo et al. 2001).

Aquificae (Aquifex/Hydrogenobacter Group)

Isolated from hot springs, volcano calderas, and marine hy-
drothermal vents, Aquificae (fig. 4.2, node 2) thrive at 86—
95°C, making them some of the most thermophilic bacteria
known. Like the Thermotogae, members of this group ap-
pear to be restricted to geothermal habitats (Hugenholtz et al.
1998), where they live by splitting hydrogen gas or hydro-
gen sulfide and fixing carbon dioxide for carbon, all abun-
dant in geothermal volcanic gases (Hjorleifsdottir et al. 2002).
The Aquificae are more diverse than are Thermotogae and
include halophiles, isolated from saline hot springs, and an
acidophile, isolated from an acidic solfatar (sulfur deposits,
e.g., volcanoes; Takacs et al. 2001). The best characterized
are species of Aquifex, a blue filament and currently the most
thermophilic bacteria known. The completely sequenced, rela-
tively small (1.55 megabases) genome of A. aeolicus lacks many
metabolic pathways, consistent with the organism’s obligate
chemolithotrophic lifestyle (Deckert et al. 1998). New genera
belonging to this group have recently been described (Huber
etal. 2002a). These new taxa significantly extend the phylo-
genetic diversity of the group (according to SSU rRNA diver-
gence) but not particularly its physiological diversity, because
all are hyperthermophilic chemolithoautotrophs.

Phylogeny

Thermotogae and Aquificae are the most consistently basal
branches in bacterial trees, both in CDS and single gene analy-
ses (fig. 4.2, node 2). However, they are found in a variety of
arrangements either together as a group (Olsen et al. 1994,
Bocchetta et al. 2000, Wolf et al. 2001, Daubin et al. 2002)
or as adjacent branches and in alternating order (Olsen et al.
1994, Brown et al. 2001). On the other hand, Brochier and
Philippe (2002) suggest that the basal branching of these two
taxa in SSU rRNA trees at least is due to a long-branch at-
traction artifact. This is the tendency in phylogenetic trees for
highly divergent sequences, that is, those with long terminal
branches, to group together and/or be drawn toward the base
of the tree when a distant outgroup is used to root it.

Green Nonsulfur Bacteria (Chloroflexi)

The green nonsulfur (GNS) bacterial group is currently de-
fined solely on the basis of SSU rRNA phylogeny. Members
of the group are found diverse habitats, sometimes in abun-
dance (Hugenholtz et al. 1998, Bjornsson et al. 2002), and



LSV + ssU
57 trproteins
32 rproteins
supertree

14 genes

node

The Tree of Life 47

15 mitochondria
13 a-proteobacterai
12 14 -proteobacteria

y-proteobacteria
e-proteobacteria

1 1: Mycoplasms
Firmicutes (low 6C gram+)
— Actinobacteria (high GC gram+)

— Deinococcus/Thermus
l i& Cyanobacteria
plastids

Verrucomicrobia
6 ""I:Chlamydias
Spirochaetes
5 CFB Group

O ONONON-N-N EENON NONG

Chlorobi (green sulfur bacteria)
GNSB (green non-sulfur bacteria)

Acidobacteria
Op11

N WhHAOON® Vo
OQOOO0OO0OO0OO0OO0OOOOOOOOO0O|ssU rrRNA

_2[: Aquifex/Hydrogenobacter
Thermotoga

Planctomycetes

Figure 4.2. Support for deep branches in the bacterial tree. (A) shows data supporting the consensus phylogeny of major bacterial
groups shown in (B). Bootstrap values (% BP) from individual data sets supporting the numbered nodes are indicated by circles in black
(75-100% BP), gray (60-75% BP), or white (<60% BP). Rejection of nodes by individual data sets is measured by the strongest boot-
strap support for any conflicting grouping and is indicated by a circled cross (65-100% BP) or bar (<65% BP). For SSU rRNA phylogeny,
white or black circles indicate only presence or absence in trees, respectively. Data sets used are SSU rRNA, combined SSU and LSU
(Brochier et al. 2002), 14 assorted conserved genes (Brown et al. 2001), 57 translational proteins (Brochier et al. 2002), 32 ribosomal
proteins (Wolf et al. 2001), and supertree analysis of 121 genes (Daubin et al. 2002). Most of the new ciPCR-only groups are not
included because of space limitations and their current omission from combined data sets, as indicated by the dotted line below Op11.

the group appears as an early branch of Bacteria in some
phylogenetic trees (Oyaizu et al. 1987). Four major subdi-
visions are defined, with most described taxa falling within
a single subdivision, Chloroflexi. Two entire subdivisions,
including Subdivision 1, the most divergent (by SSU rRNA
analysis), are known only from ciPCR. Recently an isolate
belonging to Subdivision 1 has been obtained from activated
sludge (Sekiguchi et al. 2001), although it has not been char-
acterized in detail.

Contrary to the group name, not all members are green
and sulfide intolerant. The group is metabolically diverse and
includes thermophilic sulfur-intolerant green phototrophs
(Chloroflexi), thermophilic red phototrophs (Heliothrix),
mesophilic sulfur-tolerant green phototrophs (Oscillochloris),
thermophilic heterotrophs (Herpetosiphon, Dehalococcoides,
Thermoleophilum), Thermomicrobium, Sphaerobacter, and
probably many more. Morphologically, the group appears to

be rich in filamentous representatives (Bjornsson et al. 2002),
including all of the described species with the exceptions of
the rod-shaped Thermomicrobium and Sphaerobacter, and
coccus-shaped Dehalococcoides.

Chloroflexi

Chloroflexi contain the best characterized of the GNS bacte-
ria. They are superficially similar but apparently unrelated
to the green sulfur bacteria (GSB; described below). Mem-
bers of Chloroflexi are moderately thermophilic (35-72°C)
gliding green filaments that leave a characteristic slime trail.
They are metabolically versatile but generally act as faculta-
tive anoxygenic phototrophs and are common in microbial
mats, sometimes forming massive accumulations in hot
springs. In fact, it may have been GNS bacteria rather than
cyanobacteria that formed the large >3 Byr old continuous
microbial mats known as stromatolites (Oyaizu et al. 1987).
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Their photosynthesis is a hybrid of features of both GSB (light
is harvested in cylindrical organelles called chlorosomes us-
ing bacteriochlorophyll) and proteobacteria (electron trans-
port occurs across the cell membrane using PSI).

Other GNS Bacteria

The other GNS bacteria exhibit a wide variety of phenotypes.
Herpetosiphon is a mesophilic gliding bacterium that is poorly
characterized but maybe very common in soil. Other non-
photosynthetic members of the group have very unusual
growth substrates. Thermoleophilum lives at 60°C and can
grow on wax using a novel respiratory naphthoquinone.
Species of Dehalococcoides can thrive on chlorohydrocarbons
such as tetrachloroethane, which are toxic, highly persistent,
and ubiquitous environmental contaminants (Adrian et al.
2002). This makes them potential bioremediation agents.
However, little else is known about these taxa.

Phylogeny

The chimeric nature of the chloroflexan photosynthetic ap-
paratus led to early speculation that the GNS bacteria might
be very ancient and represent the ancestral bacterial photo-
synthetic apparatus. This is consistent with SSU rRNA phy-
logeny, which places them among the deepest branches in
the bacterial tree (fig. 4.2; Woese 1987, Pace 1997). How-
ever, with the addition of environmental clades, the relative
branching order among major bacterial groups now appears
to be unresolved, and no deep branches can be identified with
certainty (Hugenholtz et al. 1998). There are very few other
molecular data on the group, and no completed genome
sequences, so they have not yet been included in CDS or
supertree analyses. However, sequencing of at least two GNS
bacterial genomes is in progress (Bernal et al. 2001).

Planctomycetes

Planctomycetes (fig. 4.2, node 1) are perhaps the most phe-
notypically unique group of bacteria known, with a whole
series of unusual although possibly interrelated features. They
are aquatic, appendage forming (prosthecate) aerobes. Cells
anchor themselves to various substrates using stalks, and
when anchored to each other, they form rosettes. Probably
because of this morphology, they divide by asymmetrical
budding rather than binary fission, as is also the case in other
stalk-forming bacteria such as B-proteobacteria (described
below; Hallbeck et al. 1993). This means that cells are dimor-
phic with distinct mother and daughter cells, resulting in a
colonial genealogy. Daughter cells or “swarmers” are motile
by means of flagella that are often lost when the cells develop
stalks and settle down to become mother cells.

Unique among bacteria, Planctomycetes have peptidogly-
can-free proteinaceous cell walls that are covered with dis-
tinctive pits of unknown function. Most striking of all is
the presence in many of the Planctomycetes of a single- or
double-membrane-bound nucleoid, reminiscent of the mem-

brane-bound nuclei of eukaryotes. The recently described
taxon Candidatus “Brocadia anammoxidans” also has a
membrane-bound anammoxosome region that performs
anaerobic ammonia oxidation (anammox; Lindsay et al. 2001).
The membrane of this “organelle” consists of biologically un-
precedented ladderane lipids that make the anammoxosome
highly impermeable and thus protect the cell from the anam-
mox intermediates (Sinninghe Damste et al. 2002).

Because of their distinctive morphology, many
Planctomycetes-like species have been described, but few
have been successfully cultured. They are well represented
in the majority of ciPCR studies, including those of geother-
mal vents, fresh and marine waters, and deep subsurface
habitats (Hugenholtz et al. 1998). Their SSU rRNA sequences
are highly usual; although clearly a monophyletic group, they
exhibit very low sequence similarity to all other bacteria. This
is consistent with their being either very odd (i.e., rapidly
evolving) or very old (Woese 1987). Speculation has arisen,
at various times, that they might represent an extremely early
divergence from the common bacterial root. This idea is not
supported by most SSU rRNA phylogenies, where they do
not branch particularly deeply and tend to have an affinity
for Chlamydia and Verrucomicrobia, although without strong
statistical support. However, a recent reanalysis of SSU rRNA
data using only the most slowly evolving positions places
them back at the base of the Bacteria with moderate support
(Brochier and Philippe 2002), although the merits of this
approach are not proven. Additional molecular data are
needed to test this possibility.

CFB Group (Bacteroidetes) and GSB (Chlorobi)

CFB Group (Cytophagas, Flexibacteria, Flavobacteria,
and Bacteroides)

The CFB group (fig. 4.2, node 5) is a group without pheno-
typic justification, that is, lacking common defining features,
perhaps in part because the different taxa have been studied
in very different ways (Woese 1987). They are generally rod
shaped but pleomorphic (variable), may form sheets, and
may move, either by gliding or with flagella. They tend to
have peptidoglycan-free cell walls and unusual membrane
lipids. All are organochemotrophs, that is, are nonphoto-
synthetic and non-carbon-fixing. Most can degrade large
complex macromolecules such as cellulose and chitin, and
they are common animal commensals. Bacteroides thetamicro-
bium is the most abundant organism in human gut (~101°
cells/g body weight), and in its membranes it has sphingo-
lipids, lipids that are otherwise largely restricted to mamma-
lian nerve cells.

Flavobacteria and Cytophagas

Flavobacteria, named for their characteristic carotene-in-
duced yellow color, are obligately aerobic nonmotile rods
with a mitochondria-like electron transport chain. They are
found in soils and aquatic environments and receive con-



siderable attention as opportunistic pathogens of fish in
crowded conditions such as farms or aquaria. Obligate intra-
cellular parasites/symbionts of the amoebozoan Acanthamoeba
are also known. The cytophagas, including flexibacteria, are
essentially gliding flavobacteria. They occur in similar habi-
tats and are especially noted for their ability to degrade com-
plex macromolecules such as DNA, cellulose, chitin, and agar,
suggesting that they may have important roles in natural
nutrient recycling.

Bacteroidetes

The Bacteroides constitute the third major group within the
CFB phylum. All are obligate anaerobes and capable of liv-
ing freely, but they are most commonly encountered in the
mammalian gut. Here they are extremely abundant and
highly diverse (Ramsaka et al. 2000). They possess thick
polysaccharide coats that permit them to survive in these
environments, where they break down host-indigestible
materials such as cellulose and pectin. Some of these break-
down products may be absorbed by the host, but their pri-
mary benefit to humans may be in rendering the gut
inhospitable to potential pathogens and also, by sheer force
of numbers, physically blocking the latter from attaching.
Porphyromonas species are associated with dental disease in
humans, although whether as cause or effect is not known.
ciPCR has identified a complex assemblage of Prevotolla spe-
cies in the guts of ruminants (Ramsaka et al. 2000).

CFB Group Phylogeny

The CFB group of bacteria as a whole appear to be ubiqui-
tous. ciPCR studies find them in every habitat examined so
far and often in abundance (Hugenholtz et al. 1998). Phylo-
genetically the group is diverse and poorly understood. No
completed genome sequences exist at this time, so they are
not included in current CDS studies, but the genomes of
Bacteroides fragilis, Porphyromonas gingivalis, and Cytophaga
hutchinsonii will be completed soon. Although SSU rRNA
phylogeny strongly supports the group as a whole, it does
not support the integrity of any of the three subgroups, and
major reclassification is underway (Olsen et al. 1994, Maidak
etal. 2001). In addition, new, apparently basal lineages within
the group have been described recently such as Rhodothermus
(Andresson and Fridjonsson 1994).

Green Sulfur Bacteria (GSB) Group (Chlorobi)

The cultivated members of the GSB (fig. 4.2, node 5) are
obligately anaerobic, sometimes gliding but mostly nonmo-
tile, green or brown phototrophs. They thrive in high-sulfur,
low-light habitats such as sulfur-rich muds, where they oxi-
dize sulfur and excrete sulfate. This gives rise to their char-
acteristic large, iridescent extracellular sulfate globules. The
cultivated GSB tend to be rod-shaped, often twisted into
a variety of shapes, including crescents, rings, ovals, or
spheres, or aggregated into long, sometimes spiral chains.
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Chlorobi are extremely efficient photosynthesizers, requir-
ing approximately one-quarter the light intensity required
by other phototrophs. They include Chlorochromatium ag-
gregatum, which is a consortium consisting of a Chlorobium
and an unidentified host that is heterotrophic (i.e., obtains
nutrients by nonphotosynthesis means; Overmann and van
Gemerden 2000). The large, motile, light-seeking host pro-
vides transport for the many small chlorobi attached to its
surface. These may in turn provide their host with photo-
synthate. The whole consortium divides synchronously, al-
though the relationship appears to be obligate only for the
host (Overmann and van Gemerden 2000).

GSB photosynthesis superficially resembles that of GNS
bacteria, with whom they were once thought to be closely
related. Both use similar pigments (bacteriochlorophyll b, c,
or d) and have at least superficially similar cylindrical light
harvesting organelles (chlorosomes). However, the structures
of these organelles may be substantially different between the
two groups. Also, GSB use PSII and fix carbon dioxide with
areverse Krebs (tricarboxylic acid) cycle, whereas GNS bac-
teria use PSI and the Calvin cycle, at least primarily (Hanson
and Tabita 2001). The two groups are also clearly separated
in SSU rRNA phylogenies (e.g., Woese 1987, Hugenholtz
et al. 1998; see also Pace, ch. 5 in this vol.).

The cultivated representatives of the GSB appear as a
closely related group in SSU rRNA trees. The majority of
sequence diversity in the group appears to be represented
by as yet uncultivated lineages detected in environmental SSU
TRNA surveys. These ciPCR studies also indicate GSB-type
bacteria in diverse habitats, including subsurface layers com-
pletely devoid of light (Hugenholtz et al. 1998). The latter
suggests that the phenotypic diversity of the group may also
be much broader than the currently recognized anaerobic
phototrophy and may include nonphotosynthetic members.

Phylogeny

The robust grouping of the GSB and CFB groups (fig. 4.2,
node 5), always excluding the GNS group, was first noted
based on SSU rRNA sequence signatures, structural features,
and phylogeny (Woese 1987). This relationship has contin-
ued to hold strongly throughout the massive expansion of
the SSU rRNA database (Pace 1997). Because the genome
sequence of Chlorobium tepidum was only released this year,
representatives of the CFB and GSB groups have been in-
cluded in only two CDS studies to date (fig. 4.2A, line 5).
These both strongly support a GSB + CFB clade and suggest
that ultimately the two should be combined as a single ma-
jor bacterial group.

Chlamydiae and Spirochaetes

Chlamydiae

The few described species of Chlamydiae (fig. 4.2, node 6)
are a closely related, highly specialized, medically important
group of obligate intracellular parasites. They cause a num-
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ber of significant human diseases such as pelvic inflamma-
tory disease and trachoma, the leading cause of preventable
blindness. Their cell walls lack peptidoglycan, but they retain
the necessary enzymes to make it and are therefore sensitive
to B-lactam antibiotics (which target cell-wall biosynthetic
enzymes; Stephens et al. 1998). The life cycle consists of a
desiccation-resistant infective form (elementary bodies) that
“germinates” upon entering the host to form reticulate bod-
ies sequestered in intracellular vacuoles or “inclusions.” Upon
maturing, they revert to elementary bodies that escape by
lysing the host cell.

Known clinical isolates probably account for only a small
subset of the Chlamydiae, and even many clinical isolates
remain uncharacterized. They have also recently been iden-
tified as intracellular parasites of amoebae. ciPCR has indi-
cated as many as four additional subgroups of Chlamydiae
(Horn and Wagner 2001), although they have not been found
in many habitats other than soil (Hugenholtz et al. 1998).
Four Chlamydia genomes have been completely sequenced.
They are extremely reduced with around 1000 protein-cod-
ing genes and lack many biosynthetic pathways, including
those for basic small molecules. Rough sequence matching
(blastology) suggests that they have acquired an unprec-
edented ~35 genes from their hosts (Stephens et al. 1998).

Spirochaetes

Most Spirochaetes (fig. 4.2, node 6) are free-living or harm-
less commensals, part of the normal host bioflora, but a
number are important obligate intracellular parasites. Known
free-living species are chemorganotrophs, obtaining both
carbon and energy from organic compounds. Parasitic spe-
cies include the causative agents of syphilis, Lyme disease,
leptospirosis, and relapsing fever. Spirochaetes have a very
distinctive spiral morphology and corkscrew-like movement.
This is the result of paired polar flagella that extend toward
each other and intertwine along the midline of the cell. Un-
usually, the flagella lie within the periplasmic space rather
than outside the cell. Therefore, when they beat they turn
like a rotor, spinning the cell within its outer membrane
sheath and propelling it forward.

ciPCR studies show that members of the Spirochaetes
occur in a wide variety of habitats, including thermophilic,
but apparently not marine environments (Hugenholtz et al.
1998). A large diversity of Spirochaetes, mostly of the genus
Treponema, have been found by ciPCR to the hindgut of ter-
mites (Lilburn et al. 1999). Their role here appears to be in
fixing nitrogen for their hosts and the parabasalid protists,
also found exclusively in this habitat (Lilburn et al. 2001;
described below).

Phylogeny

There is no phenotypic resemblance between Chlamydiae
and Spirochaetes (fig. 4.2, node 6). Although both include a
number of obligate intracellular parasites with highly reduced
genomes, these are undoubtedly correlated characters that

have evolved independently many times. Nonetheless, the
two taxa group together in nearly all CDS analyses with
moderate to strong statistical support (fig. 4.2A, line 6). Their
grouping is also suggested weakly (Pace 1997), although not
consistently (Brochier et al. 2002), in SSU rRNA trees. Al-
though Chlamydiae may have heightened levels of LGT, ac-
quiring genes particularly from their hosts (Subramanian
et al. 2000, Stephens et al. 1998), Spirochaetes may have
much lower levels of LGT (Dykhuizen and Baranton 2001).
The postulated origin of eukaryotic flagella from endosym-
biotic Spirochaetes (Sagan and Margulis 1987) has found no
molecular support.

Deinococcus-Thermus Group and Cyanobacteria

Deinococcus-Thermus Group

Deinococci (fig. 4.2, node 9) are aerobic, nonmotile, red-
pigmented, tetrad-forming chemorganotrophic rods or cocci.
They are extremely “tough” and occur in some of the most
inhospitable environments known: Antarctic dry valleys,
dust, cloud droplets, irradiated food, and medical instru-
ments. They can tolerate, among other things, high levels of
ultraviolet and gamma-irradiation (up to 1500 kilorads),
extreme desiccation and starvation, and mutagens such as
hydrogen peroxide. All of these conditions can cause double-
stranded breaks in DNA. In Escherichia coli, two or three such
lesions are lethal, but Deinococcus radiodurans can rapidly and
accurately repair 1000 or more. It does this by encoding every
pathway for DNA protection and accurate repair known and
maintaining its genome in multiple copies (White et al. 1999,
Makarova et al. 2001). Although unrelated to “true” gram-
positive bacteria, Deinococci have thickened gram-positive-
staining cell walls. All of these characters make them attractive
targets to engineer for bioremediation, and variants of these
bacteria can clean up mercury and toluene. The National
Aeronautics and Space Administration also plans to use D.
radiodurans as a model in simulations used to guide the search
for life on Mars.

The Thermus group includes three described genera, all
hyperthermophiles isolated from hot springs. Thermus
aquaticus is particularly noteworthy as the source of Taq
polymerase (which is named after it), the most widely used
enzyme for DNA amplification by thermocycling (PCR). The
Deinococcus—Thermus grouping was unsuspected before
SSU rRNA phylogeny (Woese 1987), and there is still no
phenotypic justification for the group. However, it is unam-
biguously supported by a large body of molecular sequence
data (White et al. 1999). Although still not publicly available,
the genome sequence of T. aquaticus was completed prob-
ably years ago by private industry hoping to mine it for more
heat-stable enzymes.

Cyanobacteria

Formerly known as the blue-green algae, cyanobacteria (fig.
4.2, node 9) comprise a large, distinct, well-characterized



group. They are ubiquitous, occurring anywhere there is light
and even tiny amounts of transient moisture and can sur-
vive long periods of desiccation and dormancy. Habitats in-
clude between ice crystals in frozen water, in hot springs up
to 70°C (the photosynthetic limit), and on or within desert
rocks and soil. They are the only oxygenic photosynthetic
bacteria and use a variety of pigments to trap (harvest) light,
resulting in a range of colors from blue-green to red-brown.
Many also fix nitrogen, often in separate terminally differen-
tiated thick-walled cells (heterocysts). Morphologies range
from single cells or small colonies to macroscopic filaments
and mats.

Cyanobacteria can be extremely abundant and form
large macroscopic filaments and mats. On the other hand,
tiny Prochloron (0.2-0.7 ym) may be the most abundant
creature on the planet and our single greatest source of
oxygen (Chisholm et al. 2002). Cyanobacteria are also the
most frequent photosynthetic component of lichens and a
frequent source of color in reef animals. The oldest recog-
nizable fossils appear to be cyanobacteria, and they are the
original source of atmospheric oxygen. They also probably
at least helped build the oldest known living structures, the
stromatolites, although recent evidence suggests these may
consist largely of GNS bacteria (Oyaizu et al. 1987; de-
scribed above).

Cyanobacteria are the only bacteria with chlorophyll a
and both photosystems (PSI and PSII), which allows them
to generate enough energy to split water and thereby release
oxygen in the form of O,. The accessory pigments and pro-
teins for capturing the light to do this vary among species.
This led to theories that eukaryotic photosynthesis originated
multiple times, with the differently pigmented eukaryotic
algae acquiring their plastids from different cyanobacteria
(Urbach et al. 1992). However, there is now considerable
molecular data on eukaryotic plastids, and these strongly
support a single common endosymbiotic origin for all of them
(Douglas 1998).

Phylogeny

A large supergroup consisting of Deinococcus-Thermus,
Cyanobacteria, and Actinobacteria is found in all CDS analy-
ses except those using SSU + LSU (large ribosomal subunit),
often with strong statistical support (65-100% bootstrap; fig.
4.2, node 8). Within this supergroup, Deinococcus-Thermus
and Cyanobacteria are most often found together, a group-
ing that is also found by SSU + LSU (fig. 4.2A, line 8). As
further support of this relationship, these two taxa also ap-
pear to exclusively share a large insertion in protein synthe-
sis elongation factor Tu genes (Gupta 2001). CDS analyses
are currently limited by the fact that there is only a single
published genomic sequence each for Deinococcus-Thermus
and Cyanobacteria. Better resolution should be possible with
the five or more cyanobacterial genomes currently in progress
(CyanoBase 2003) and release of any completed Thermus
sequences.
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Actinobacteria and Firmicutes (High- and
Low-G+C Gram-Positive Bacteria)

Actinobacteria (High-G+C Gram-Positive Bacteria)

The Actinobacteria consist of five major subdivisions:
Actinobacterae, Acidimicrobidae, Rubrobacteridae, and
Coriobacteridae. The Actinobacterae include most of the
well-characterized taxa. These are chemorganotrophic, of-
ten filamentous, mostly aerobic bacteria with ~70% G+C
in their genomes. They are speciose and often highly abun-
dant. ciPCR studies find them in every habitat sampled and
particularly plentiful in soil and freshwater (Hugenholtz
et al. 1998). Shapes vary from rods to straight or branch-
ing filaments and mycelia, and many form highly resistant,
potentially long-lived spores. Streptomycetes and Actino-
mycetes were once mistaken for fungi because of their
branching aerial hyphae.

Most Actinobacteria are free-living or harmless animal
commensals or, at the most, opportunistic pathogens. How-
ever, the group also includes Corynebacterium diptheriae
(diphtheria), Mycobacterium leprae (leprosy), and M. tuber-
culosis, the single most lethal infectious agent of humans (Cole
2002). Mycobacteria are particularly problematic because
they have complex, lipid-rich cell walls resistant to various
environmental insults, including many antibiotics. Important
beneficial species include Proprionibacteria, used in cheese
production, and Streptomycetes and Actinomycetes, produc-
ers of more than two-thirds of all naturally occurring anti-
biotics. Arthrobacter is possibly the single most common
cultivated soil organism and an important natural herbicide
degrader, as are some Actinomycetes.

Firmicutes (low-G+C Gram-Positive Bacteria)

Sometimes referred to as the Bacillus-Clostridium group, mem-
bers of the Firmicutes (fig. 4.2, node 11) are chemorgano-
trophic, often anaerobic, non-filament-forming taxa with
~30% G+C in their genomic DNA. Like the Actinobacteria,
they are widespread, found so far in all but geothermal habi-
tats, and predominate in both soil and wastewater (Hugenholtz
etal. 1998). There are three subgroups; endospore formers,
lactic acid bacteria (anaerobic fermenters), and cocci.
Endospore formers are primarily soil inhabitants. Notable
members include Bacillus anthrasis (anthrax), Clostridia (teta-
nus, botulism, gas gangrene), and Bacillus thuringiensis (com-
mercial source of the powerful insecticide Bt toxin). Other
Bacilli are important sources of industrial enzymes such as
amylases and proteases. Endospores are formed from the
entire cell contents and have a dense outer coating. This
makes them highly resistant and potentially very long-lived,
possibly surviving many millions of years (Cano and Borucki
1995, Vreeland et al. 2000) and perhaps even space travel.
Lactic acid fermenters are anaerobic but oxygen tolerant.
They produce vast quantities of lactic acid, probably the ear-
liest preservative, and various Lactobacilli are still used in the
production of buttermilk, yogurt, and pickles. The cocci
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include Heliobacterium and Mycoplasma. Heliobacteria, the
only photosynthetic members of Firmicutes, occur in rice
paddy soils, where they are important fixers of nitrogen. The
cell-wall-free mycoplasmas are among the smallest indepen-
dent-living organisms known in terms of both physical size
and the size of their genomes (Fraser et al. 1995). They are
metabolically simple, often parasitic, and the only non-
eukaryote with cholesterol, which they use to strengthen their
membranes. Mycoplasma pneumoniae is the causative agent
of “walking pneumonia,” which has a slower onset than other
bacterial forms (Chlamydia pneumoniae, Streptococcus pneu-
moniae, Klebsiella pneumoniae).

Sporomusa

This is an intriguing, relatively new taxon containing what
were previously considered to be a diversity of species
(Willems and Collins 1995, Janssen and O’Farrell 2002). All
possess classical gram-negative cell walls and an outer cell
membrane (Kuhner et al. 1997). They are sometimes listed
as a third division of “gram-positive” bacteria, but SSU rRNA
trees generally place them at the base of the Firmicutes group
(Willems and Collins 1995, Janssen and O’Farrell 2002). This
suggests the possibility that the gram-positive cell wall could
have evolved independently in Firmicutes and Actino-
bacteria. This possibility would, in turn, lend further sup-
port to the growing idea that the “gram-positive bacteria” may
not be a true phylogenetic group, as indicated by all current
molecular trees (fig. 4.2, node 7).

Phylogeny

The two groups of traditional gram-positive bacteria are
united by the shared absence of an outer cell membrane and,
except for mycoplasmas, the presence of a thick gram-stain-
retaining cell wall. However, a thickened cell wall is not a
complex structure, leaving open the possibility that it could
have evolved twice independently. Pressure for this could be
common because it probably helps cells resist high salt and
desiccation. This is consistent with its independent presence
in the highly desiccation-resistant Deinococci and Methyl-
bacterium, a proteobacterium. Therefore, the only unique
character uniting the Firmicutes and Actinobacteria groups
is a single shared loss, that of the outer cell membrane. How-
ever, although phylogenetic trees show no tendency to unite
these two groups, these analyses are hampered by the ex-
treme differences in the G+C content of these taxa, which
affects even amino acid substitution patterns in proteins
(Cole 2002).

Proteobacteria (Purple Bacteria)

Proteobacteria (fig. 4.2, node 12) are, more or less, the tra-
ditional “gram-negative” bacteria and the single largest group
of described bacteria. The a, B, and y subgroups each have
more described taxa than all other bacteria groups combined
except cyanobacteria and are found in every habitat type

sampled, predominating in many (Hugenholtz et al. 1998).
The group is highly diverse and difficult to define but un-
ambiguously monophyletic in molecular trees (fig. 4.2, node
12). Nearly every described bacterial morphology is found
and in nearly every subgroup, apparently switching rapidly
over evolutionary time and with changing growth conditions.
Purple photosynthesis is dispersed throughout and was prob-
ably the ancestral state, but with multiple losses (Woese
1987). Many also fix carbon dioxide. The five subgroups were
originally identified on the basis of SSU rRNA and given
provisional Greek letter names, which seem to have stuck
(Woese 1987, Olsen et al. 1994).

y-Proteobacteria

Thisis a large, diverse, metabolically rich group and, together
with the y subdivision, the most widespread (Hugenholtz
et al. 1998). The group abounds with symbionts, commen-
sals, and parasites, including many complex symbioses, most
notably the eukaryotic mitochondrion. Well-known species
include Agrobacterium (used in plant genetic engineering),
Rhizobium and Bradyrhizobium (nitrogen-fixing symbionts of
legumes), and Rickettsia (typhus, Rocky Mountain spotted
fever). Rickettsia-like proteobacteria are probably the closest
living relatives of the mitochondrion. Morphologies vary from
rods to spirals to budding stalks, the latter being complex
extensions of the cytoplasm. Similar to the Planctomycetes,
a-proteobacteria may form stalks anchored to the substrate
or each other (rosettes) and reproduce by asymmetrical bud-
ding. Most are chemorganotrophic, but there are also purple
nonsulfur (high-sulfur-intolerant) phototrophs and extracel-
lular and obligate intracellular parasites (Rickettsia).

B-Proteobacteria

Also morphologically and biochemically diverse and widely
distributed (Hugenholtz et al. 1998), the group includes
Neisseria gonorrhoea, Neisseria meningitidis, Bordetella per-
tussins (whooping cough), and Thiobacillus. Nitrosomonas
plays an important ecological role by completing the final step
in nitrogen recycling. Recent molecular phylogenetic data
show these taxa to be a subgroup within the y-proteobacteria
(e.g., Brochier et al. 2002).

y-Proteobacteria

This group consists of another bewildering array of phenotypes,
and representatives have been identified in most ciPCR-sampled
habitats. The group includes purple sulfur phototrophs (e.g.,
Chromatium); enterics such as Escherichia coli and Salmonella
(mild to severe food poisoning, typhoid); human pathogens
such as Legionnella (Legionnaire’s disease), Vibrio cholerae (chol-
era), Haemophilus influenza, Yersinia pestis (plague), and Proteus
vulgaris (cystitis); and a whole host of bizarre phenotypes, in-
cluding bioluminescent (Vibrio), fluorescent (Pseudomonas),
metal reducing (Shewanella), methane consuming (Methylo-
monas), nitrogen fixing (e.g., Azotobacter), plant pathogenic
(Xanthomonas), magnetotrophic, and many more.



5-Proteobacteria

These include two major subdivisions, Myxococcus and
Desulfovibrio. Members of Desulfovibrio are morphologically
diverse, aquatic or moist soil inhabiting chemolithotrophs
that are capable of oxidizing metals such as underground
pipes. Bdellovibrios include bacterial parasites that invade
and reproduce within the periplasm of their bacterial host.
Members of Myxococcus also prey on other bacteria. Under
conditions of nutrient starvation they aggregate to form
motile multicellular “slugs.” These mature into stalked fruit-
ing bodies carrying a head of spores, a sort of miniature cel-
lular slime mold (described below).

e-Proteobacteria

This is the most restricted subgroup, mostly inhabiting ex-
treme environments such as hydrothermal vents and acid
lakes. They include Helicobacter pylori (causative agent of
peptic ulcers), Campylobacter jejuni (gastroenteritis), and
Thiovolum (symbiont of hydrothermal vent invertebrates).

Phylogeny

This huge, highly diverse, and well-studied taxon is prob-
ably more appropriately treated as a supergroup. Nonethe-
less, its monophyly is strongly supported in all CDS trees (fig.
4.2A, line 12). Only the 6 division, which SSU rRNA trees
place as the deepest branch in the group, are omitted so far
from the CDS trees because of the lack of a complete genome
sequernce.

Bacteria: Recent Additions

The preceding are the “classic” bacterial groups, originally
defined by SSU rRNA analyses in 1987 (Woese 1987) and
including all well-studied taxa. What follows are descriptions
of the largest and most robust of the newly identified major
groups. Pace (ch. 5 in this vol.) now estimates a total of about
40 “phylum-level” groups of bacteria. This is based on contin-
ued SSU rRNA characterization of already-collected strains,
isolation of new strains using traditional and new advanced
culturing techniques, and, especially, ciPCR. The latter in-
dicate that some of these new groups may be diverse, wide-
spread, and abundant (Hugenholtz et al. 1998). As many as
20 of them are identified solely by their ciPCR sequences,
although some have been subsequently confirmed by fluo-
rescence in situ hybridization or even isolated and cultured.
A word of warning: any classification based on a single gene
must be treated with caution. Even the best phylogenetic
methods cannot always distinguish genuinely distinctive
sequences from rapidly evolving ones that may nonetheless
belong to well-established groups.

Acidobacteria are currently the largest and most diverse
newly recognized group with at least eight major subdivisions
(Hugenholtz et al. 1998). They were first identified in acid
environments such as acid bogs and mine drainage. How-
ever, ciPCR studies show all subdivisions represented in 43
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separate soil samples (Barns et al. 1999), and fluorescent
ciPCR-based probes indicate a diversity of morphological
types (Ludwig et al. 1997). Because the group is genetically
and metabolically diverse and environmentally widespread,
it is probably of significant ecological importance (Barns et al.
1999). Only three cultured members are described, Acido-
bacterium capsulatum, Holophage foetida, and Geothrix fer-
mentans, representing two subdivisions of the Acidobacteria.
Recently, representatives of a third Acidobacteria subdivision
have been isolated from soil (Sait et al. 2002).

Verrucomicrobia are a large, diverse, and widespread
group with five or six subdivisions currently indicated
(Hugenholtz et al. 1998). Division 1 includes most of the
cultured taxa, such as Verrucomicrobia and the appendaged
Prosthecobacter species (Hedlund et al. 1996). Division 2
includes a ciliate ectosymbiont, which defends its host by
ejecting proteinaceous “spines.” These spines appear to con-
tain the closest bacterial homologs yet found of the eukary-
otic protein tubulin (Petroni et al. 2002). Division 3 includes
the ciPCR taxon EA25, thought to constitute up to 10% of
the bacteria in some soils. Division 4 includes Ultramicrobium,
the smallest bacterium known (0.1 pm? in volume) and able
to pass through the normal bacteria-excluding 0.2 pm fil-
ters. This taxon may account, at least in part, for earlier re-
ports of a surprising abundance of viruses in the open ocean.

OP11 is a purely “environmental lineage,” a major group
of the bacteria with no known cultivated members. There are
five subdivisions indicated, all known entirely from ciPCR
sampling. OP11 “phylotypes” seem to be present and abun-
dant in most habitats and a major constituent of subsurface
environments. All the OP11 phylotype sequences have long
branches in SSU rRNA trees, which suggests that they have
undergone accelerated evolution. If so, this would make it
difficult to identify cultured relatives if they exist (Hugenholtz
etal. 1998).

Other Newly Proposed Groups

These tend to have fewer representatives. However, most
contain of at least two subdivisions and have been identified
in a number of ciPCR studies. Others consist of recently
characterized species that have been successfully cultured but
seem to lack close relatives in SSU rRNA trees. All of these
small possible new groups should be considered provisional
until further data are available because they could simply be
taxa with highly divergent SSU rRNA sequences obscuring
their true affinities. This list does not include the roughly one-
third of all ciPCR groups that still lack any cultivated repre-
sentatives and have not yet been formally named.
Coprothermobacter is a moderate thermophile (55°C). Its
SSU rRNA sequence shows some affinity for the Hyperther-
mophiles (described above), which would make it the first
mesophilic member of the group (Etchebehere and Muxi
2000). The latter may also include Dictyoglomus. This hyper-
thermophile is popular as a source of proteins for crystallog-
raphy and new thermostable enzymes (Ding et al. 1999).
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Fibrobacter is one of the two most abundant genera of cellu-
lose degraders within the complex biota in the rumen of graz-
ing animals. It may be related to the GSB group of bacteria
(described above; Gordon and Giovannoni 1996; but see also
Pace 1997). The flexistipes include mesophiles and mild
thermophiles that nonetheless seem to be largely restricted
to geothermal habitats.

The Fusobacteria include major constituents of tooth
plaque, with highly distinct phylotypes seeming to special-
ize on different mammalian taxa (Foster et al. 2002). The
Nitrospira, including Leptospirillum, Nitrospira, Magnetobac-
terium, and Thermodesulfovibrio, were previously assigned to
the &-proteobacteria but have highly distinct SSU rRNA se-
quences (Pace 1997). As the names imply, this a metaboli-
cally very diverse collection of taxa. Nitrospira species are
nitrite oxidizers and include the principle natural detoxifiers
of freshwater aquaria (Hovanec and DeLong 1996). The
synergistes include six genera, all strictly anaerobic.
Synergistes species are relatively scarce rumen bacteria that
can break down dihydroxypyridine, the compound that ren-
ders legumes poisonous to grazing mammals.

The Thermodesulfobacteria are low-G+C thermophiles
isolated from hot springs, hydrothermal vents, and oil plat-
forms. They are the only bacteria that appear to have archaea-
like membrane lipids. Gemmatimonadetes was formerly
classified as candidate division “BD” or “KS-B” and consisted
solely of ciPCR sequences. A single strain has recently been
isolated from sludge processed under enhanced biological
phosphorus removal conditions (Zhang et al. 2003) and
appears to accumulate polyphosphate. Other members of the
group have been identified in soil and marine samples (Zhang
etal. 2003). TM7 is known only from ciPCR but has been
partially characterized nonetheless as streptomycin-resistant,
sheathed filaments. It also appears to have a typical gram-
positive cell envelope and may have some bearing on discus-
sions of the mono- versus polyphyletic origin of this trait
(Hugenholtz et al. 2001). Full taxon lists for each of these
groups can be found at the National Center for Biotechnol-
ogy Information taxonomy server (available at http:/www.
ncbi.nlm.nih.gov/Taxonomyy/).

Domain Archaea

The Archaea are easily the least understood of the three do-
mains, with orders of magnitude fewer described species
compared with members of Bacteria or Eucarya. Most of the
characterized taxa are extremophiles inhabiting some of the
harshest environments imaginable, but ciPCR suggests there
are as many or more mesophiles. Before 1970 bacteriologists
dispersed them across various classical bacterial taxa, and it
was not suspected that such diverse organisms could be re-
lated to each other. However, even early SSU rRNA analyses
showed clearly and strikingly both that Archaea form a co-

herent group and that they constitute a third domain of life
(Woese and Fox 1977).

Circumscription of Archaea is qualified by the fact that
very few taxa have been studied in culture, and there is al-
most no information on the many, sometimes major ciPCR-
indicated subdivisions. Even most cultivated taxa are poorly
characterized, partly because of technical problems such as
working with organisms that cannot survive below the melt-
ing point of agar or prefer corrosive media such as 0.1 M
sulfuric acid. Therefore, there are no archaeal genetic sys-
tems, and much of what we know comes from recent ge-
nomic sequencing (Bernal et al. 2001). There is also a lack
of incentive: Archaea includes no known pathogens, and
their ecological roles and economic potential are largely
unknown.

Members of Archaea are perhaps best described as a mix
of bacterial and eukaryotic features: essentially eukaryotic
“brains” in bacterial cells, living bacterial lives (Coulson et al.
1991). Morphologically and metabolically they are bacterial,
with small (0.5-5 pm) cells, lacking internal membrane-
bound organelles, and usually surrounded by rigid cell walls,
albeit ones made of protein rather than of peptidoglycan.
Their genomes are small (~1.5-3 x 10 base pairs), mostly
closed circles, probably with a single origin of replication.
Genes tend to be in operons often structurally identical to
those of bacteria. Known taxa are autotrophs or chemorga-
notrophs, sometimes photosynthetic, often sulfur-depen-
dent, frequently fixing carbon dioxide. A variety of symbioses
and commensalisms are also known (Madigan et al. 1997).

On the other hand, information processing (i.e., RNA
transcription and translation) is eukaryotic both in overall or-
ganization and in individual component sequences (Kyrpides
and Woese 1998, Edgell and Doolittle 1997). Even before the
genes were sequenced, it was noted that archaeal RNA poly-
merases had a subunit composition similar to those of eukary-
otes (Huet et al. 1983). This was later confirmed by striking
similarities in their protein sequences and structures. Archaeal
RNA polymerases also require the eukaryotic-type transcrip-
tion factors TBP, TFIIB, and TFIID to bind their promoters
(Bell and Jackson 2001). This is unlike the much smaller bac-
terial RNA polymerase that can bind DNA on its own and uses
small exchangeable subunits called sigma factors to identify
its promoters.

Likewise, the components of archaeal protein synthesis
are mostly either uniquely shared with eukaryotes or are
eukaryotic versions of universal ones (Kyrpides and Woese
1998). Many are encoded in canonical bacterial operons but
have strikingly eukaryotic sequences and structures (Garrett
etal. 1991) and are functionally interchangeable with eukary-
otic factors in vitro. Members of Archaea also have fundamen-
tally eukaryotic DNA replication (Myllykallio et al. 2000, She
et al. 2001, Bohlke et al. 2002), and euryarchaeotes (but no
known crenarchaeotes) use histones to package their DNA
in nucleosome-like structures (Sandman and Reeve 2001).
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The possibility of members of Archaea having given rise
to either Bacteria or Eucarya or both has long been a con-
tentious issue (Rivera and Lake 1992, Baldauf et al. 1996).
However, with more data now available, most analyses, in-
cluding CDS trees, unambiguously support their being a
monophyletic group (Brown et al. 2001, and S. L. Baldauf
and J. Cockrill, unpubl. obs.). Members of Archaea are also
distinct in possessing highly unique membrane lipids that
appear to be restricted to them, with the possible exception
of the thermodesulfobacteria (described above). These mem-
branes consist of isoprenyl lipids ether-linked to p-glycerol,
distinctly different from the ester-linked fatty acid lipids and
L-glycerol of members of Eucarya and Bacteria. Archaeans are
also the only known organisms with lipid monolayer mem-
branes. These are common in hyperthermophiles, where they
probably provide membrane stability at high temperatures
and account for these cells’ inability to live at lower tempera-
tures (Coulson et al. 2001).
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All characterized members of Archaea and most ciPCR
phylotypes fall cleanly into two distinct groups, the Cren-
archaeota and the Euryarchaeota (fig. 4.3). The cultured Cren-
archaeota or “thermoacidophiles” are phenotypically narrow,
whereas the Euryarchaeota are extremely diverse. However,
ciPCR suggests that both groups are much broader, particu-
larly the Crenarchaeota. ciPCR also indicates the possible
existence of two additional major divisions of Archaea (fig. 4.3),
the Korarchaeota, known only from c¢iPCR studies (Barns et al.
1996), and the extremely small (0.4 pm diameter) Nanoarch-
aeota (Huber et al. 2002b). However, the classification of these
taxa as major new archaeal lineages is based entirely on SSU
TRNA trees and is not unambiguously supported even by them.

Crenarchaeota

All cultured Crenarchaeota (fig. 4.3, nodes 13 and 14) are
hyperthermophiles, including some of the most thermophilic
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and acidophilic organisms known. Optimum growth tempera-
tures range from 75°C to 100°C, with some cells surviving tem-
peratures as high as 115°C and most unable to survive below
70°C. They have a wide range of pH tolerances but may flour-
ish at pH 1-2 and still live and grow at pH 0. Most cells are
flagellate, but shapes vary widely from simple disks (Thermo-
discus), nearly rectangular rods (Thermoproteus, Pyrobaculum),
irregularly lobed cocci (Sulfolobus), or extremely long thin fila-
ments (Thermofilum), to grapelike aggregates (Staphylothermus)
and large fibrous networks (Pyrodictium; Barns and Burggraf
1997). Many species are acidophilic, using sulfur or sulfur
compounds as electron donors, acceptors, or both. Carbon may
be acquired from organic compounds (chemorganotrophy) or
by fixing carbon dioxide using ribulose biphosphate carboxy-
lase or a reverse tricarboxylic acid cycle.

Although all the cultured members of Crenarchaeota are
hyperthermophilic and often anaerobic, ciPCR indicates the
existence of mesophilic aerobic taxa throughout the group.
Unlike the crenarchaeal thermophiles, many of the meso-
philes appear to be widespread. Their habitats range from
shallow sediments (Hershberger et al. 1996) to the open
ocean (DelLong 1992, Fuhrman et al. 1992). Some may also
be extremely abundant, including dominating the ocean’s
interior, “the world’s largest biome” (Karner et al. 2001). They
are found throughout the water column, increasing in abun-
dance with depth until they constitute ~39% of all the mi-
crobial cells (DeLong 1992, Fuhrman et al. 1992).

The Crenarchaeota are the least-characterized major di-
vision of living organisms, and no taxonomic group has been
more fundamentally revised by ciPCR data. These now indi-
cate that there are two major divisions of Crenarchaeota,
referred to in the following as Divisions I and II. Division II
was discovered only in the last 5 years and consists entirely
of ciPCR phylotypes plus Cenarchaeum, an obligate symbiont
of a marine sponge. General references for the following are
Madigan et al. (1997), Barns and Burggraf (1997), and Brown
(2002).

Crenarchaeota Division |

Thermoproteales. Thermoproteales (fig. 4.3, node 13)
currently include six described genera: Caldivirga, Pyro-
baculum, Thermocladium, Thermofilum, Thermoproteus, and
Vulcanisaeta. These are generally rod shaped thermophiles
living at near neutral pH. Thermoproteus (60-96°C, optimum
85°C) cells are long rods that reproduce by budding and are
very common in solfatars (sulfur deposits). Thermofilum spe-
cies (70-95°C) form extremely long, thin (1-100 (0.15-0.3
pm) filaments and are common in deep-sea hydrothermal
vents, as are Pyrobaculum species (74-115°C, optimum
100°C), which are rods or flattened cocci. The latter can
grow well at temperatures up to 115°C, making them, to-
gether with Methanopyrus (described below), the most ther-
mophilic organisms known (note: at these depths 115°C is
well below the boiling point of water). Pyrobaculum species

are high-sulfur-intolerant denitrifiers, using oxygen instead
of sulfur as a terminal electron acceptor (aerobic respiration).
This is unusual for crenarchaeotes, which are generally obli-
gate or at least facultative anaerobes.

Sulfolobales. ~ This group currently includes five genera:
Acidianus, Methanosphaera, Sulfolobus, Sulfurisphaera, and
Stygiolobus. This is an entire group of organisms whose natu-
ral habitat is essentially boiling sulfuric acid. All are coccoid-
shaped thermophilic acidophiles with growth optima of
75-95°C and pH 1.0-3.5. The most extreme is Acidianus,
which can grow at pH 0. Sulfolobus species (55-87°C, op-
tima 75-85°C, pH 2-3) thrive in thermoacidic environments
such as solfatars, boiling mud pots, and hot acid mine drain-
age, where they often grow in great abundance and in near
monoculture. They reproduce by budding, which produces
characteristic irregularly shaped lobes that may also function
in adhesion and for which they get their name. Both Sulfolobus
and Acidianus (65-95°C, optima 85-90°C pH 2) have ex-
tremely low genomic G+C content (37% and 31%, respec-
tively), demonstrating once again that thermophilic adaptation
does not require elevated genomic percent guanine + cytosine
(G+Q) (She et al. 2001).

Desulfurococcales.  Desulfurococcales (fig4.3, node 11) is
currently the largest group of crenarchaeotes, with 11 de-
scribed genera divided into two groups. All are coccoid or rod
shaped, neutrophilic (living at neutral pH) hyperthermophiles.
Group 1 includes Aeropyrum, Desulfurococcus, Ignicoccus,
Staphylothermus, Stetteria, Sulfophobococcus, Thermodiscus, and
Thermosphaera. Staphylothermus species (65-98°C, optimum
92°C) are cocci that grow in grapelike clusters. Thermodiscus
(75-98°C, optimum 90°C) cells are, not surprisingly, disk-
shaped. Ignicoccus includes the host of a newly discovered
symbiont thought to represent a new subdivision of Archaea,
the Nanoarchaeota (described below). Aeropyrum are unusual
in being strictly aerobic hyperthermophiles (optimum 90—
95°0).

Members of Group 2 (Hyperthermus, Pyrodictium, and
Pyrolobus) are all found in shallow submarine volcanic habi-
tats. Pyrodictium species (62—110°C, optimum 100°C) are
disk-shaped cells held in networks by hollow, proteinaceous
fibers growing in “moldlike” layers on suspended sulfur crys-
tals. The fibers maybe arranged in regular patterns similar to
the protein in bacterial flagella (Madigan et al. 1997). Their
mature rRNA molecules have an unusually high percentage
of modified bases, presumably to stabilize their structure and
hence their activity at high temperatures. The other cultured
members of the group are Pyrolobus (90-113°C, optimum
105°C), with lobed cocci, and Hyperthermus (95-106°C,
optimum 108°C).

Crenarchaeota Division Il (Cenarchaeum Group)

This second major division of the Crenarchaeota (fig. 4.3,
node 14) includes a wide variety of ciPCR phylotypes indi-
cating mesophiles, thermophiles, and hyperthermophiles.



Some of the mesophiles are also widespread and/or extremely
abundant. The only characterized member of the division is
Cenarchaeum symbiosum, an obligate symbiont of the marine
sponge Axinella species (Preston et al. 1996). The association
between the sponge and symbiont appears to be stable, wide-
spread, and highly specific, and the symbiont is highly abun-
dant within its host (Preston et al. 1996). This is the only
known eukaryote—archaean symbiosis involving a cren-
archaeote. Although the symbiont cannot be separated from
its host, large fragments if its genome have been character-
ized using whole-organism genomic libraries (Schleper et al.
1998).

Crenarchaeote Phylogeny

ciPCR data suggest the need for major revision of the
Crenarchaeota, but further information is needed on at least
some of these “taxa.” Nonetheless, it now appears clear that
there are at least two deeply separated subdivisions within
the group, referred to here as Divisions I and 1. Division I
includes all the cultured hyperthermopbhiles, which form a
tight cluster nested within several layers of deeply diverging
ciPCR “groups” (fig. 4.3, node 13; see Pace, ch. 5 in this vol.).
Division Il is almost entirely composed of ciPCR phylotypes,
including many mesophiles. There are also several groups of
ciPCR phylotypes that do not clearly belong to either divi-
sion, and these may indicate additional distinct lineages.
Because the latter are mostly hyperthermophiles, this is still
thought to be the ancestral condition of the group, with
mesophily derived multiple times within it.

Within Division I, the major branching patterns are fairly
well resolved for the taxa with completed genome sequences:
Sulfolobus solfataricus, Pyrobaculum aerophilum (Thermo-
proteales), and Aeropyrum pernix (Desulfurococcales). CDS
trees for these taxa agree with SSU rRNA trees, grouping
Sulfolobus and Aeropyrum together (fig. 4.3, node 12) to the
exclusion of Pyrobaculum. Because Sulfolobus is the only aci-
dophile of the three, this suggests that acidophily was de-
rived from neutrophily, rather than ancestral as originally
postulated. However, these studies are starkly taxonomically
narrow, which makes any broad conclusions premature.
Because Division 11, with the exception of Cenarchaeum, is
known only from ciPCR phylotypes (fig. 4.3, node 14), all
information on the group comes from SSU rRNA trees, which
support it strongly.

Euryarchaeota

The Euryarchaeota (fig. 4.3, node 10) are an extremely diverse
group including mesophilic, thermophilic, and hyperthermo-
philic methanogens; thermoacidophiles; sulfur-reducing
thermophiles; and extreme halophiles. These tend to form
roughly seven robust subgroups, three of which are metha-
nogenic (fig. 4.3). All of these have a broad sampling of cul-
tured representatives. Euryarchaeotes include a number of
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environmentally important organisms, both beneficial and
harmful.

Archaeoglobi

Archaeoglobus species are sulfate-reducing, obligately anaero-
bic hyperthermophiles (60-90°C, optimum 83°C) with
irregularly spherical, flagellated cells. They are found in
hydrothermal environments and subsurface oil fields, where
the iron sulfide they produce may corrode oil and gas min-
ing equipment (Klenk et al. 1997). None of the current
molecular phylogenetic data place them even close to
the Thermococci, the other thermophilic sulfate-reduc-
ing Euryarchaeotes (fig. 4.3). Thus, the thermoacidophilic
habit appears to have arisen in Euryarchaeota at least twice
independently.

Halobacteria

These extreme halophiles require a minimum of 1.5-2.0 M
NaCl (or equivalent) and many can survive in saturated or
near-saturated brine (up to 5 M NaCl). They are probably
present in all high-salt environments, including salted fish,
and are common in hypersaline seas, salterns (shallow salt
evaporation pools), and subterranean salt deposits. They
photosynthesize using the purple retinal pigment conjugated
to bacteriorhodopsin. This results in the pink hue of salt
evaporation pools, the purple of the Dead Sea, and the red
in salted herring (the famous “red herring”).

Unlike other halophilic organisms, members of Halo-
bacteria are isosmotic with their environment, so there is no
osmotic pressure on their cell walls. This allows for unusual
morphologies such as Haloarcula, which has ultrathin, 0.1-
pm-thick cells that form perfect squares, rectangles, and even
triangles, mostly with tufts of flagella at their apexes. These are
the only phototropic archaeans, and they use a mechanism
fundamentally different from any bacterial photosynthesis. The
light-harvesting machinery is embedded in the cell membrane
itself, and absorbed light is used directly to pump protons
across the membrane. This creates a proton-motive force that
is then coupled to ATP synthesis (Lanyi and Luecke 2001).

Methanogens

The methanogenic members of Archaea include at least six
major groups (fig. 4.3, nodes 1, 6, 7, and 8), and they are
almost certainly not monophyletic. Nonetheless, all are ob-
ligately anaerobic and methanogenic (methanogenic enzymes
are oxygen intolerant) and possess a unique fluorescent cy-
tochrome, F420, that is found nowhere else. They are widely
dispersed in nature and are found in sediment, soil, waste-
water treatment ponds, landfills, subterranean oil deposits,
and animal intestinal flora. They are the source of swamp gas
and intestinal methane and are important components of the
rhizosphere, the plant root environment.

Three of the methanogen groups, represented by Metha-
nosarcina, Methanospirilla, and Methanococcus, are currently
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placed together in the Methanococcales. However, CDS trees
tend to split them up, placing the first two taxa with the
Halobacteria (fig. 4.3, node 2) and the latter some distance
away with Methanobacteria and Methanothermus (fig. 4.3,
node 7). Because Methanopyrus also appears to be closely
associated with the latter group (Slesarev et al. 2002), this
means that all currently known methanogenic archaeans can
probably be assigned to two well-defined groups.

Methanogen Group 1 (MGT): Methanosarcina + Methano-
spirillum.  Methanosarcina + Methanospirillum (fig. 4.3,
node 1) produce methane from a variety of substrates, in-
cluding acetate, methylamines, and methanol, an unusual
metabolic diversity for methanogens. They occur in diverse
habitats from anaerobic lake bottoms and muds to cattle
rumen, where they are responsible for methane production,
a significant source of global greenhouse gas (Deppenmeier
et al. 2002). Methanosarcina species are mildly thermophilic
(40-55°C) and common in soils, sediment, swamps and
wastewater treatment sludge, where they play an essential
role in the early stages of sewage processing. The group also
includes cold-adapted species that survive temperatures as
low as —10°C and are found in Antarctic lakes and cold deep-
marine sediments (Thomas and Cavicchioli 1998).

Methanogen Group 2 (MG2). MG?2 includes Methano-
cocci + Methanobacteria + Methanopyri (fig. 4.3, nodes 7 and
8). This tentative group includes mesophiles, thermophiles,
and hyperthermophiles. Most are highly self-sufficient, meta-
bolically speaking, and some are pure prototrophs, that is,
capable of living on only hydrogen gas, carbon dioxide, and
either nitrogen gas or ammonium ions. Methanococci are
irregular flagellated cocci. They include borderline mesophiles
to hyperthermophiles (48-98°C) isolated from marine and
freshwater sediments and the deep-sea hydrothermal vents
known as “black smokers” (described below). Methano-
bacteria are nonmotile rods or filaments. They include me-
sophilic to moderately thermophilic (40-70°C, optimum
65°C) pure prototrophs common in animal colon and rumen
and also isolated from sewage sludge and sea sediments and
as symbionts of animals, plants, and protists. In the termite
hindgut, they form symbioses or endosymbioses with cellu-
lose-digesting protists, from whom they get hydrogen gas
(Tokura et al. 2000). Methanopyrus kandlerii, the sole culti-
vated member of the Methanopyri, is a “gram-positive” hyper-
thermophile (80-110°C) first isolated from a 2000-m-deep
black smoker. It has an internal salt concentration of 1.1 M,
probably part of the means by which they maintain enzymatic
activity in extreme heat.

Methanogen Phylogeny.  Most of the phylogeny of archaeal
methanogens is based on SSU rRNA trees, which split them
into numerous separate groups and tend to place Methano-
pyrus as the deepest euryarchaeote branch. However current
CDS analyses tend to restrict the methanogen to only two
distinct groups (MG1 and MG2; fig. 4.3, nodes 1 and 8),
including Methanopyrus as sister to a Methanococcus + Methano-
bacterium clade (MG2; fig. 4.3, node 8; Slesarev et al. 2002).

Furthermore, neither methanogen group appears to be
among the deepest branches in the euryarchaeote tree. On
the other hand, CDS data strongly reject recent claims that
the archaeal methanogens are monophyletic; MG1 is nested
within a substantial group of nonmethanogens, at some dis-
tance from MG2 (fig. 4.3, nodes 2-5).

Thermococci

These include Thermococcus and Pyrococcus, which are ther-
mophilic/hyperthermophilic (75-100°C, pH ~7) flagellated
cells commonly found, along with other thermophilic mem-
bers of Archaea, in and around the “black smokers” formed
by deep-sea hydrothermal vents. Black smokers are mineral
chimneys formed by the buildup of sulfides deposited by the
mineral-rich waters spewing from the vents and giving the
appearance of belching black smoke. The warm hydrogen
sulfide—rich habitat around these vents supports a rich fauna,
essentially oases of life along the otherwise largely barren
seafloor. These communities are dependent on energy from
the oxidation of sulfide rather than light; that is, they are
lithotrophic rather than phototrophic.

Thermococci and Pyrococci together form a distinct, tight
phylogenetic group in all phylogenetic trees. The group ap-
pears to be quite shallow, but this may reflect a slow rate of
molecular sequence evolution, which is seen in many hyper-
thermophiles. This may be due to the restrictive amino acid
requirements of thermostable proteins; thermococcalean
proteins tend to have highly biased amino acid use and fa-
vor nonpolar amino acids over polar ones by a ratio of around
3:1 (Howland 2000). Unlike most other major subdivisions
of Archaea, uncultured Thermococci do not display a large
diversity in any of the habitats sampled by ciPCR analyses
(Maidak et al. 2001).

Thermoplasmata (Thermoplasma, Ferroplasma,
and Picrophilus)

These are all thermophilic extreme acidophiles (growth
optima 40-60°C, pH 0.5-2.0), the only organisms able to
survive, never mind thrive, at pH < 0 (Ruepp et al. 2000,
Edwards et al. 2000, Schleper et al. 1995). Cells are small
(0.2-5 pm), spherical, and sometimes flagellated and, un-
like all other archaeans, lack a cell wall. Despite this, they
survive external pHs of 0—4 while maintaining an internal
pH ~7 (Ruepp et al. 2000). Natural habitats include hot solfa-
tars and coal refuse, which are rich in highly toxic metals such
as copper, arsenic, cadmium, and zinc. It appears that they
make their “living” by scavenging complex organics released
by cells that are killed by these extreme conditions. Ferro-
plasma is responsible for the acidification of coal mine drain-
age, the primary environmental problem associated with
mining (Edwards et al. 2000).

Thermoplasma acidophilum has an extremely small genome
(~1.6 megabases), and, in an apparent case of massive LGT,
it shares 17% of it exclusively with the crenarchaeote Sulfo-
lobus (Ruepp et al. 2000). The shared sequence resides in



approximately five large blocks and codes for many of the
transport and metabolic pathways needed for this unique
lifestyle, which requires importing a variety of complex or-
ganic compounds. Consistent with this, Thermoplasmata and
Sulfolobales often co-occur in habitats that they share almost
exclusively except for a few species of Bacillus. ciPCR indi-
cates that Thermoplasmata is much larger and broader than
the currently known taxa, although it still appears to be re-
stricted to hot acid environments (Maidak et al. 2001). The
lack of a cell wall in thermoplasmas has led to speculation
that the group might include the direct ancestor of Eucarya.
However, a large body of molecular phylogenetic data now
soundly reject this (fig. 4.3, node 5).

Euryarchaeote Phylogeny

Euryarchaeota is an ancient, large, and extremely diverse
group, and resolving relationships within it will be difficult.
This is also complicated not only by LGT but also, perhaps
more important, by the strong biases in the amino acid com-
position of their proteins. These are required for adaptation
to extremes of salt, pH, and temperature. Therefore, inclusion
of sequence data from the mesophilic taxa indicated by ciPCR
phylotypes could potentially improve resolution considerably.

Nonetheless, certain trends can be identified at this point
with some confidence. The Euryarchaeota are almost cer-
tainly a monophyletic group (fig. 4.3, node 10); theories that
bacteria might have originated from euryarchaeote ancestors
have been largely abandoned (Lake 1988). Within the eury-
archaeotes it appears unlikely that the methanogens form a
monophyletic group. Recent claims to the contrary are not
supported by analyses with fuller taxonomic representation
(Slesarev et al. 2002).

The earliest branch of the euryarchaeotes appears to be
the Thermococcoides (fig. 4.3, node 9). This is followed by
anumber of ciPCR lineages that may or may not form a single
group. Data beyond SSU rRNA sequences are needed before
any more conclusions on these taxa can be drawn. The re-
maining euryarchaeotes appear to split into two groups: MG1
and their allies (MG1+; fig. 4.3, node 7) and MG2 (fig. 4.3,
node 8). The inclusion of Methanopyrus in MG2 is still ten-
tative; the grouping is only weakly supported by the only CDS
study with Methanopyrus in it, and it is strongly rejected by
SSU rRNA trees, in which Methanopyrus SSU shows no clear
affinity for any other euryarchaeote sequence and tends to
fall toward the base of the tree.

MG1+ (fig. 4.3, node 5) is a surprisingly robust clade. The
group is further supported by the shared presence of cyto-
chrome b and/or ¢, which are found among members of
Archaea only in Methanomicrobiales, Halobacteria, and
Thermoplasmas. The most problematic taxon within MG1+
is the Halobacteria, probably because of their extreme,
uniquely biased amino acid use (Nget al. 2000). Nonetheless,
they group together strongly with MG1 in a number of trees
(fig. 4.3, node 5), and when they do not it is often because
they are found in highly unlikely positions, such as at the base
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of the entire Archaea domain (Slesarev et al. 2002). A group-
ing of Halobacteria + MG1 is also consistent with the fact that
the latter includes Methanohalophilus species, the only known
halophilic methanogens. The exact position of Archaeoglobus
within MG1+ is also very unstable, suggesting that there may
have been considerable LGT during its evolution (fig. 4.3A).

Korarchaeota and Nanoarchaeota

Two additional major subdivisions of Archaea have been
suggested recently, the Korarchaeota and Nanoarchaeota.
The Korarchaeota were originally identified in a ciPCR study
of a Yellowstone Park hot spring (74-93°C). Two phylotypes
were found that formed a distinct group that was clearly
archaeal but not specifically related to either Crenarchaeota
or Euryarchaeota. The group, provisionally named “Kor-
archaeota” (Barns et al. 1996), has since been detected in
Icelandic sulfide hot springs (Hjorleifsdottir et al. 2002) and
geothermal effluent (Marteinsson et al. 2001), sometimes in
abundance (Hjorleifsdottir et al. 2002). This indicates that
the group at least is real, but additional data are still needed
to test their classification as a unique archaeal subdivision.
Caution is warranted also by the fact that their position as a
unique branch among archaeal SSU rRNA sequences varies
depending on the taxon composition of the data set and
the analytical method used. Nonetheless, korarchaeote SSU
rRNA sequences lack features generally associated with phy-
logenetic artifact; that is, they do not form long branches and
lack strong percentage G+C bias.

The “Nanoarchaeota” were described even more recently
and have been encountered so far only once (Huber et al.
2002b). They are hyperthermophiles (70-98°C) from an Ice-
landic coastal hot submarine vent and were found attached to
cells of Igniococcus, a desulfurococcalean crenarchaeote (de-
scribed above). Everything about them is small, including their
cells (0.4 pm diameter) and their genomes (500 kilobases),
which is near the theoretical limit for a “free-living organism”
(Huber et al. 2002b). So far, they can be cultured only when
attached to a live host. However, they are probably not para-
sites because the host grows equally well with or without them.
Nanoarchaeum SSU rRNA is clearly archaeal but otherwise
highly divergent and shows no specific affinity for any currently
known archaeal group (Huber et al. 2002b). However, unlike
the korarchaeote SSU rRNAs, these sequences do possess fea-
tures associated with phylogenetic artifact; that is, they are
extremely divergent and lack a number of otherwise univer-
sally conserved nucleotides. This suggests they may belong to
a rapidly evolving lineage rather than an ancient one.

Summary of Archaebacteria

The Archaea include the most extremophilic organisms
known, and more than for any other group of taxa, our
understanding of them is being fundamentally rewritten by
ciPCR and whole-genome data. Genomic sequencing is the
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only way to study many of them in any detail, and ciPCR
studies indicate major mesophilic components and additional
new groups at all taxonomic levels. Some consistent resolu-
tion seems to be emerging from the still very limited CDS
trees, but little can be said with confidence. Resolving the
archaeal tree will require more genes and more taxa repre-
senting the true diversity of the group, as well as careful at-
tention to confounding factors such as LGT. Protein gene
sequences from mesophilic taxa may be the key to circum-
venting the systematic phylogenetic artifact caused by the
highly skewed amino acid composition of extremophile se-
quences. Although these taxa have largely escaped cultiva-
tion, recent progress in genomic analyses of uncultured taxa
could circumvent this limitation (Schleper et al. 1998).

Domain Eucarya

Eukaryotes are defined first and foremost by the presence of
a nucleus surrounded by a double membrane punctuated
with large highly complex pores. The nuclear membrane is
part of a larger endo-membrane system that also includes the
endoplasmic reticulum and Golgi apparatus, which synthe-
sizes membranes and processes, sorts, and packages proteins
for distribution or export. Other organelles are also usually
present, most notably mitochondria and chloroplasts (more
correctly “plastids”), both of which are descended from bac-
terial endosymbionts (Alberts et al. 2002). Mitochondria in
particular, but possibly also plastids (Andersson and Roger
2002), originated early in eukaryotic evolution, and no pre-
mitochondrial eukaryotes appear still to exist. However,
mitochondria have been lost, reduced, or converted to
fermentative, hydrogen-gas-producing organelles (hydro-
genosomes; Dyall and Johnson 2000) several times indepen-
dently over the course of eukaryote evolution.

Eukaryotic cells vary widely in size (from <1.0 to 100
pum in diameter) and often form colonies or multicellular
structures. They have numerous other unique features,
many probably correlated with the advent of membrane-
bound nuclei and the invention of endocytosis, such as the
actin cytoskeleton probably derived from bacterial cell-
division protein ftsA (van den Ent and Lowe 2000). Eukary-
otic flagella are large, complex multiprotein structures
unrelated to bacterial flagella, which are composed almost
exclusively of flagellin. The eukaryotic flagellum was prob-
ably derived early in eukaryotic evolution, possibly from
the cytoskeleton, and is clearly not of endosymbiotic ori-
gin (Cavalier-Smith 2002). Sequestering DNA into a mem-
brane-bound nucleus spatially separates transcription
(copying of DNA into RNA) from translation (decoding of
RNA into protein), unlike in bacteria, which have the two
processes coupled and possibly coregulated. However, it
now appears that a significant amount of eukaryotic trans-
lation may occur in the nucleus, coupled with transcrip-
tion as in bacteria (Iborra et al. 2002).

Eukaryotic information processing is essentially an ex-
panded version of the archaeal system. Transcription uses
archaea-like RNA polymerases, and gene expression is con-
trolled with the same basic machinery, although with many
eukaryote-unique factors layered on top (Bell and Jackson
2001). Eukaryotes are still unique in having large operon-
free genomes on multiple linear chromosomes, packaged
around histones, usually containing large amounts of repeti-
tive DNA. Introns tend to be much more common, to the
point of being highly abundant in some plants, animals,
fungi, and amoebozoans. These introns are mostly of the
spliceosomal type; that is, they require a large multiprotein
complex (the “spliceosome”) to remove them from the pre-
messenger RNA transcript, unlike the self-splicing introns of
the members of Bacteria and Archaea (Logsdon 1998). Eu-
karyotes are also the only organisms known to have true
diploidy (and polyploidy) and sex (meiosis). However, these
rules are nearly all broken somewhere among eukaryotes, and
more exceptions will undoubtedly be found.

Eukaryotes are a highly derived, unquestionably mono-
phyletic group. More so than for members of either Archaea
or Bacteria, most of what we know about them is based on
SSU rRNA trees. These define most of the major groups, some
of which were not previously suspected. The overall struc-
ture of this SSU rRNA tree also led to the influential
“Archezoa” (Cavalier-Smith 1987) and “Crown Radiation”
(Sogin and Gunderson 1987, Sogin 1991) hypotheses, which
have since been disproved. The former was based on the
observation that the deepest eukaryote SSU branches, admit-
tedly largely parasitic, lacked mitochondria and most other
internal structures, and therefore might represent primitive
pre-mitochondrial lineages. The latter hypothesis suggested
that the clustering of most of the other “more advanced” lin-
eages meant that they arose comparatively late in eukaryote
evolution, perhaps in a single explosive radiation (see
Philippe, ch. 7 in this vol.). A fairly large body of data now
agrees that both phenomena are different aspects of the same
artifact: fast-evolving (long-branched) taxa (members of the
Archezoa) being drawn toward the base of the tree and caus-
ing the remaining taxa (the crown) to appear as a dense clus-
ter (Morin 2000, Philippe and Germot 2000).

Fourteen major eukaryotic groups are currently defined
based on molecular phylogenetic data (fig. 4.4; Cavalier-
Smith 1998, Baldauf et al. 2000). These include most of
Patterson’s (1999) 60 “ultrastructural types.” The most thor-
ough reference on eukaryote morphology and fine-level taxo-
nomic diversity is The Illustrated Guide to the Protozoa (Lee
et al. 2000). All unreferenced material in the following sec-
tions is derived from that book, which relies heavily on the
work of Patterson, Brugerolle, and colleagues or of Haus-
mann and Hulsmann (1996).

However, it is now apparent that this description is far
from representing the true diversity of eukaryotes. In culture
collections alone, more than 200 taxa are without known
relatives, and several major groups of amoebae lack even SSU
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Figure 4.4. Support for deep branches in the eukaryote tree. (A) shows support for the labeled nodes in (B) (same symbols as in

fig. 4.2A). Data sets used are combined SSU and LSU rRNA (Van der Auwera et al. 1998), combined mitochondrial proteins (Burger
etal. 1999), four combined proteins (Baldauf et al. 2000), 123 combined proteins (Bapteste et al. 2002), and individual gene
phylogenies for SSU rRNA (Van de Peer and De Wachter 1997, Sogin 1991), actin (Bhattacharya and Weber 1997, Keeling 2001),
and B-tubulin (Keeling and Doolittle 1996, Keeling et al. 2000). Alternative rootings of the tree are indicated by dashed lines and
arrows: “a,” for the molecular phylogenetic root using archaeal outgroup sequences, and “b,” as indicated by the fusion of the genes
for DHFR and TS (described in text; Stechmann and Cavalier-Smith 2002). The asterisk (*) indicates that nodes 1 and 4 in the SSU +
LSU CDS are interrupted by aberrant deep branching of microsporidian and lobosan sequences.

rRNA sequences (Patterson 1999). More important, recent
ciPCR studies suggest the existence of major undiscovered
eukaryotic lineages (Amaral-Zettler et al. 2002, Dawson and
Pace 2002, Moriera and Lopéz-Garcia 2003). These
“nanoeukaryotes,” cells less than 2-3 pm in diameter, have
previously escaped detection because they are all but indis-
tinguishable from bacteria under the light microscope. Some
of the new taxa appear to represent major new subdivisions
of established groups (e.g., Alveolates; fig. 4.4) or perhaps
even the first known representatives of entire new lineages.
Major revisions in the eukaryotic tree are to be expected in
the very near future (Moriera and Lopéz-Garcia 2002).

Excavates

Excavates 1: Amitochondriate Excavates (fig. 4.4, node 1)

Among the best candidates for the earliest diverging Eukary-
otes are the group of taxa recently united as the Excavata.

This is a diverse assemblage of single-celled organisms most
of which possess a conspicuous “excavated” ventral feeding
groove (Cavalier-Smith 2002, Simpson and Patterson 1999,
2001). However, the group as a whole lacks material molecu-
lar phylogenetic support. For convenience they are treated
as two somewhat arbitrary subgroups, (1) “amitochondriate”
excavates, which lack classical mitochondria, and (2) “mito-
chondriate” excavates.

The best known amitochondriate excavates are diplo-
monads. These typically exhibit a “doubled” morphology, with
duplicate nuclei, sets of flagella, and cytoskeletons arranged
back to back in each cell. The intestinal parasite Giardia
intestinalis is a major human diarrheal agent, whereas Spiro-
nucleus includes some serious fish parasites. Some other
diplomonads are free-living and are common in low-oxygen
habitats (Bernard et al. 2000). Retortamonads are broadly simi-
lar to diplomonads but have a single nucleus, flagellar cluster,
and feeding groove per cell. Most are intestinal commensals.
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Oxymonads are flagellated symbionts from the intestinal tracts
of animals, mostly termites. Some attach to the gut wall by stalk
or “holdfast,” others squirm using an internal motile cyto-
skeleton, and still others are free-swimming cells. Diplomonads,
retortamonads, and oxymonads all seem to lack any cellular
structure that may be homologous to mitochondria.

Parabasalids are a diverse group almost entirely comprised
of parasites and symbionts united by the presence of a
parabasal apparatus, which is a complex of Golgi stacks and
striated cytoskeletal elements. In place of mitochondria, para-
basalids have organelles called hydrogenosomes that anaero-
bically generate ATP from pyruvate, liberating hydrogen gas
in the process (Rotte et al. 2000). Some parabasalids from ter-
mites, for example, hypermastigids, are huge multiflagellated
cells, hundreds of micrometers long and covered in
ectosymbiotic bacteria, whereas most “trichomonad” para-
basalids are small teardrop-shaped cells with four to six fla-
gella. Trichomoniasis, caused by the trichomonad parabasalid
Trichomonas vaginalis, is the most common human sexually
transmitted infection affecting ~170 million people worldwide
(Muller 1988). Trimastix and Carpediemonas are free-living,
groove-bearing, bacterivorous flagellates that inhabit low-oxy-
gen environments (Bernard et al. 2000). Although neither has
classical mitochondria, both have small organelles that super-
ficially resemble the hydrogenosomes of parabasalids.

Phylogeny. The amitochondriate excavates have been
central to exploring the origin and early diversification of
eukaryotic cells. On the strength of early SSU rRNA phylog-
enies, diplomonads, retortamonads, oxymonads, and para-
basalids were widely thought to be among the earliest
branching eukaryotes, diverging before the acquisition of the
bacterial symbiont that became the mitochondrion (Cavalier-
Smith 1987, Sogin 1991). This deep-branching placement
is also seen with protein-coding genes (e.g., Baldauf et al.
1996, Roger 1999, Bapteste et al. 2002). However, several
genes of mitochondrial origin have since been found in para-
basalid and diplomonad nuclear genomes (Roger 1999,
Tachezy et al. 2001), suggesting that both groups originally
had a mitochondrial symbiont (in parabasalids, this symbiont
is preserved as the hydrogenosome).

Recent phylogenetic evidence also demonstrates that
diplomonads and retortamonads are very closely related to
Carpediemonas and parabasalids, whereas oxymonads are
close to Trimastix (Dacks et al. 2001, Simpson and Patterson
2001, Silberman et al. 2002, Embley and Hirt 1998,
Simpson et al. 2002). Although mitochondrial origins of the
hydrogenosome-like organelles of Trimastix and Carpedi-
emonas have not been proven, it seems very likely that all
amitochondriate excavates have ancestors that bore mito-
chondrial symbionts. It is also argued that the basal place-
ments of diplomonads and parabasalids in many molecular
phylogenetic trees could be analysis artifacts caused by ab-
errant (especially accelerated) gene sequence evolution in
these groups (Embley and Hirt 1998, Philippe and Adoutte
1998). Therefore, the relevance of amitochondriate excavates

to understanding early eukaryotic history is now uncertain,
although they remain fascinating organisms for exploring the
biochemical diversity and potential of eukaryotic cells.

Excavates 2: Mitochondriate Excavates (Discicristates,
Jakobids, and Malawimonas)

The most important and best known mitochondrion-bear-
ing excavates are the Discicristates (fig. 4.4, node 3). They
are among the most recent of major eukaryotic groups to
be confirmed by strong molecular phylogenetic support
(Baldauf et al. 2000). Discicristates include the Euglenozoa
and the Heterolobosea, which share the unusual character-
istic of having mitochondria whose cristae are discoid in
shape. These infoldings of the inner mitochondrial mem-
brane are the site of electron transport and ATP production.
Other mitochondriate excavates are the more obscure jako-
bids and Malawimonas.

Euglenozoa contain two major supergroups: kineto-
plastids and euglenids. Kinetoplastids are small uni- or
biflagellated cells with a distinctive and baroque mitochon-
drial genome organization. The mitochondrial DNA is con-
densed into a large mass or masses called the kinetoplast, and
many of the messenger RNAs for mitochondrial genes require
extensive RNA editing (mediated by other smaller RNA
molecules called guide RNAs) before they encode functional
proteins (Sollner-Webb 1996). The kinetoplastids include
the trypanosomatid parasites, among which are the agents
of several deadly human diseases: sleeping sickness, Chagas
disease, and leishmaniases. Many other kinetoplastids are also
commensals or parasites, but free-living forms are abundant
consumers of bacteria and small eukaryotes.

Euglenids are usually free-living uni- or biflagellate cells
enclosed by a thickened pellicle made longitudinal proteina-
ceous strips. Most of the diversity of euglenids are free-living
osmotrophs, or phagotrophs that are often able to consume
large eukaryotic cells, although the most famous euglenids
are the photosynthetic forms, such as Euglena. The photo-
synthetic euglenids have chloroplasts that are of secondary
origin—they are derived from an eukaryotic green algal cell
that was ingested by a nonphotosynthetic euglenid ancestor.

Heterolobosea (fig. 4.4, node 3). These are mostly amoe-
bae, although many have flagellate phases in their life cycles
(Patterson and Sogin 2000). Heteroloboseids differ in appear-
ance from lobose amoebae in their “eruptive” formation of
pseudopodia. Most are soil or freshwater bacterivores, al-
though one, Naegleria fowleri, is a rare but often fatal facul-
tative human pathogen. A subgroup, the acrasids, are slime
molds that form fruiting bodies, but they are unrelated to
the “true” mycetozoan slime molds (Roger et al. 1996).

Jakobids (i.e., core jakobids) are small free-living bac-
terivores. They have the most bacteria-like mitochondrial
genomes known, having retained genes apparently lost, re-
located, or replaced in other studied eukaryotes (Lang et al.
1997). A final small group, Malawimonas, is superficially simi-
lar to jakobids but might be more closely related to some or



all amitochondriate excavates (O’Kelly and Nerad 1999,
Simpson et al. 2002).

Jakobids are also interesting because their bacteria-like
mitochondrial genomes may represent a primitive state for
living eukaryotes (Lang et al. 1997). However, the recent
resolution of the broad-scale eukaryotic tree using the
dihydrofolate reductase—thymidylate synthase gene fusion
suggests that Excavata might be closer to Plantae than to
Opisthokonta (Stechmann and Cavalier-Smith 2002) and
thus not especially deeply branching after all (assuming that
Excavata is, in fact, a natural group).

Phylogeny. The monophyly of excavates is currently
contentious. The cytoskeleton supporting the cell is distinc-
tively similar in all of them. The exceptions, most notably
parabasalids, are convincingly related to at least one “good”
excavate in molecular trees (e.g., Baldauf et al. 2000). Thus,
morphology suggests that excavates descend from a similar
common ancestor (Simpson and Patterson 1999, Simpson
et al. 2002). By contrast, almost all molecular analyses place
excavates as multiple separated clusters distributed across the
diversity of eukaryotes (Simpson et al. 2002). However, dif-
ferent groups of excavates exhibit drastic differences in evo-
lutionary rate for commonly used molecular markers, a
property known to complicate and confound phylogenetic
analysis (Philippe and Adoutte 1998). Resolving whether
excavates are a natural group using molecular markers prom-
ises to be a difficult problem in eukaryotic phylogeny. One
theoretical possibility is that excavates currently represent an
ancestral grade for most or all living eukaryotes, rather than
a natural group (O’Kelly 1993).

Chromalveolates

Chromalveolates (fig. 4.4, node 5) are a broadly diverse group
of protists that includes the Chromista (fig. 4.4, node 7), com-
prising the cryptophytes, haptophytes, and stramenopiles
(heterokonts) and the Alveolata (fig. 4.4, node 6), which
include the parasitic apicomplexans, ciliates, and dinoflagel-
lates. The chromalveolates were postulated primarily on the
basis of molecular phylogenetic analyses that unite particu-
lar members of these disparate lineages (described below),
and the hypothesis that all taxa containing a chromophytic
plastid (i.e., containing chlorophyll ¢) share a common ori-
gin (Cavalier-Smith 2000).

Chromalveolates 1: Chromists

The Chromista (Cavalier-Smith 1986) are a provisional group
including the cryptophyte, haptophyte, and stramenopiles.
These are largely marine, unicellular algae that are some of
the most important photosynthetic forms on the planet. The
stramenopiles have unambiguous molecular and ultrastruc-
tural justification. Almost all groups within Heterokonta in-
clude organisms with a “tinsillated” flagellum, and most have
a second, shorter, smooth flagellum. The shorter flagellum
is posteriorly directed and often associated with an eyespot.
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The tinsillated flagellum is anteriorly directed and bears two
rows of stiff, tripartite hairs along its length. These hairs
reverse the flow around the flagellum so that the cell is
dragged forward although the medium, rather than pushed
along. The group is named for the structure of the flagellar
hairs (stramenopiles), but they are also often referred to as
heterokonts, which means “different flagella.” These charac-
ters are not found in the cryptophytes or haptophytes, and
their phylogenetic affinity has so far been hard to resolve.

Stramenopiles (Diatoms, Kelps, Oomyetes, Labyrinthulids).
Stramenopiles are possibly the largest and most diverse group
of eukaryotes. They include opalinids (endocommensals,
mostly in cold-blooded vertebrates), oomycetes (including
water molds and downy mildews, previously classified as fungi),
bicosoecids (small heterotrophic biflagellates), labyrinthulids
(slime nets), and all the diverse types of chlorophyl a and c algae.
The latter include the diatoms, dominant marine photoautotro-
phs that reside in lidded boxes made of silica (glass) called frus-
tules. There are ~11,000 recognized species, and millions of
undescribed ones by some estimates (Norton et al. 1996). Other
stramenopile algae include the multicellular kelps, which are
particularly widespread in temperate intertidal and subtidal
zones. These have true parenchyma and build “forests” in near-
shore environments that support complex ecosystems includ-
ing fish and marine mammals.

Oomycetes are important group of parasites or saprobes
(e.g., Phytophthora infestans, the cause of potato blight and the
great famine of Ireland). Although lacking a plastid, recent
sequence data suggest that these taxa may have once been
photosynthetic (Andersson and Roger 2002). There is also
a huge diversity of very small free-swimming phototrophic,
mixotrophic, and heterotrophic stramenopiles in most plank-
tonic systems (Moriera and Lopéz-Garcia 2002), for example,
the bicosoecid Cafeteria, perhaps the world’s most abundant
predator. Others, such as Blastocystis and opalinids, are com-
mensals in the guts of animals. Although lacking a plastid,
recent sequence data suggest that they may have once been
photosynthetic because they retain nuclear-encoded genes of
apparent cyanobacterial origin (Andersson and Roger 2002).

Haptophytes. Haptophytes get their name from the pres-
ence of a unique anterior appendage, the haptonema, used
for adhesion and capturing prey. The group includes the
coccolithophorids, which build external coverings of calcium
carbonate scales (coccoliths) and tend to dominate open
oceanic waters worldwide. Emiliana huxleyi, in particular, has
received considerable attention because of its important role
in cloud production through dimethyl sulfoxide release, the
effects of its “blooms” on temperature and optical quality of
oceanic waters, and its role as a major carbon sink (Buitenhuis
et al. 1996). Coccoliths from dead cells accumulate as lime-
stone deposits on the ocean bottom, forming the largest in-
organic reservoir of carbon on Earth. The haptophyte
Chrysochromulina is an important source of toxic blooms.

Cryptophytes. The cryptophytes are perhaps the least
known of the chromists, being relatively small (mostly 2—-10
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pm diameter) unicells and primarily found in cold or deep
aquatic environments. The group has been critical to our
understanding of plastid secondary endosymbiosis because
they have retained an intermediate stage in the process.
Current theory holds that all chromalveolates acquired their
plastid by a single event (Cavalier-Smith 2000), in which a
common ancestor of the group ingested a single-celled pho-
tosynthetic eukaryote, in this case a red alga (vs. a green
alga in the case of euglenids). The host would have then trans-
ferred the red algal nuclear genes required for plastid main-
tenance into their own nuclear genome, and the original red
algal nucleus would have been lost. However, in the case of
cryptophytes a remnant of the red algal nucleus persists as a
“nucleomorph” that resides together with the plastid sur-
rounded by a double membrane—a kind of cell within a cell.
Analysis of the nucleomorph genome (e.g., Douglas et al.
1999, 2001) provided the first phylogenetic evidence for the
chimeric nature of algal cells by confirming the red algal ori-
gin of the cryptophyte plastid.

Chromalveolates 2: Alveolates

The alveolates (fig. 4.4, node 6) represent another large as-
semblage of protists with strong molecular and ultrastruc-
tural justification. The group includes the dinoflagellates,
many of which are algae, the parasitic apicomplexans, and
the ciliates (Gajadhar et al. 1991). All members of the group
possess sacs or alveoli under the plasma membrane. The al-
veoli form the pellicle in ciliates and surround the periph-
eral armor plates in dinoflagellates.

Ciliates. ~ Ciliates are mostly free-living aquatic unicells.
These well-known protists (e.g., Paramecium tetraurelia) are
characterized by an abundance of cilia on their body surface,
nuclear dualism, and the presence of a conjugation stage
during the sexual phase of the life cycle (Hausmann and
Hilsmann 1996). Nuclear dualism refers to the maintenance
of two different types of nuclei in each cell. The smaller mi-
cronucleus contains the diploid germ nucleus, whereas the
second much larger macronucleus contains thousands of
copies of only the physiologically active genes. Ciliate nuclear
genome organization is truly remarkable; genes are not only
fragmented by introns and short intervening sequences, but
the order of the gene fragments themselves may be scrambled
(Prescott 2000). Therefore, extensive editing can be required
during generation of the macronucleus in order to produce
the active working copy of the gene.

Dinoflagellates.  This is a diverse, predominantly uni-
cellular group, characterized by having one transverse and
one longitudinal flagellum, resulting in a unique rotatory
swimming motion. Most are covered by often elaborate plates
or armor. Although the group was probably primitively pho-
tosynthetic (described below), only about half of the extant
dinoflagellates still are, and many of these species are mixo-
trophs. These ingest bacteria and other eukaryotes and are
notorious for acquiring temporary endosymbionts from
them, particularly plastids from a variety of algae. In fact, the

group appears to include the first known example of tertiary
endosymbiosis involving the secondary endosymbiosis of a
haptophyte, itself already secondarily endosymbiotic (de-
scribed above; Yoon et al. 2002a). Others, such as Symbi-
odinium species, are themselves endosymbionts of corals, and
these and other dinoflagellates are a common source of phos-
phorescence in marine waters. Under all trophic condition,
the dinoflagellates are an important component of marine
ecosystems as symbionts and primary producers. They also
produce some of the most potent neurotoxins known and
are the main source of toxic red tides and other forms of fish
and shellfish poisoning.

Apicomplexa.  Closely related to the dinoflagellates are
the apicomplexans, which formerly constituted the bulk of
the “sporozoa.” They include some of the most important
protozoan disease agents of both invertebrates and verte-
brates and are the causative agents of malaria and toxo-
plasmosis. All are obligate, mostly intracellular parasites
characterized by the presence of an intricate apical complex.
This is a system of organelles and microtubules situated at
the posterior of the cell that functions in the attachment and
initial penetration of the host. Their complex life cycles are
completed entirely within the host, and they exist outside it
only as spores or oocysts. The group appears to have been
derived from photosynthetic ancestors, and recent data show
that they retain a vestigial plastid (apicoplast) most likely of
red algal origin (Fast et al. 2001). Much research in malaria
is now being directed at finding drugs that target potential
functions of this organelle.

Phylogeny

Chromalveolates (fig. 4.4, node 5) are a broadly diverse group
of protists postulated primarily on the hypothesis that all taxa
containing a chromophytic (chlorophyll ¢) plastid share a
common origin (Cavalier-Smith 2000). Molecular phyloge-
netic support for the heterokont and alveolate groupings is
generally strong, although these data sets are mostly very
taxon limited. However, support for the entire chrom-
alveolates grouping is still slight, although some analyses of
nuclear-encoded genes have shown moderate to moderately
strong support for a stramenopile + alveolate clade (e.g., Van
de Peer and De Wachter 1997, Baldauf et al. 2000; see also
Philippe, ch. 7 in this vol.).

More recently, a much more inclusive five-gene plastid
data set shows the first robust support for a single common
origin of chromist plastids, implying a monophyletic origin
for the chromalveolates (Yoon et al. 2002b). These trees show
the cryptophytes as the deepest branch in the group, imply-
ing that the nucleomorph and phycobilin pigments are an-
cestral characters lost before the divergence of haptophytes
and stramenopiles. Plastid loss after secondary endosymbio-
sis must also have been common (e.g., the oomycetes). Mo-
lecular clock analyses place the earliest date for the origin of
chromists at ~1.26 Byr ago. Thus, a single, ancient event, the
secondary endosymbiosis of a red algal plastid, appears to



have been a fundamental one in eukaryote evolution, giving
rise to an entire protist superassemblage, the chromalveolates.

Plantae

The Plantae (fig. 4.4, node 8) consists of the rhodophytes
(red algae), glaucophytes (glaucophyte algae), and Viridi-
plantae or green plants (green algae + land plants). Rho-
dophytes vary from large seaweeds to crustose mats that look
more like rocks than living plants. Their plastids have two
membranes and unstacked thylakoids. Light is harvested
primarily with chlorophyll a and phycoerythrins (red chro-
mophores) conjugated to phycobiliproteins. There are two
major subgroups, bangiophytes and florideophytes; the
former appears to be older and may have given rise to the
latter. Glaucophytes are a small but distinct group of unicel-
lular flagellates. They harvest light energy in plastids called
“cyanelles” using rhodophyte-like proteins and pigments.
Cyanelles have two membranes, unstacked thylakoids and,
most remarkably, bacteria-like peptidoglycan walls. Viri-
diplants vary from single-celled flagellates to large marine
filaments to redwoods. Their plastids have two membranes
and stacked thylakoids, and they harvest light with chloro-
phylls aand b attached to chlorophyll-a-b—binding proteins.
Virdiplantae includes the chlorophyte, ulvophyte, trebouxio-
phytes, charophyte, and “prasinophyte” algae (see Delwiche
etal., ch. 91in thisvol.). Land plants were clearly derived from
charophyte algae, and the single-celled “prasinophytes” are
almost certainly para- or even polyphyletic (Turmel et al.
2002).

Phylogeny

Plantae are probably the only eukaryotic group to acquire
photosynthesis directly from cyanobacteria (primary endo-
symbiosis). That this only happened once is most strongly
supported by the fact that their plastid genomes have a simi-
lar, derived gene order and composition (Douglas 1998). It
is also consistent with the fact that these are all the eukary-
otes whose plastids have only two membranes, thought to
correspond to the inner and outer membrane of the original
cyanobacterial endosymbiont (Archibald and Keeling 2002).
All other algae have three or four outer plastid membranes,
believed to be the result of additional endosymbioses (see
Delwiche et al., ch. 9 in this vol.).

If their primary endosymbiosis only happened once in
eukaryotic evolution, then red green and glaucophyte plants
would be expected to form a clade. However, there are still
very few molecular data to test this; there are few nuclear gene
sequences for very few rhodophytes, and even fewer nuclear
and no mitochondrial data for glaucophytes. Actin and mi-
tochondrial sequence trees strongly support a monophyletic
red—green clade (Burger et al. 1999), as do some nuclear
markers (Hilario and Gogarten 1998). However, others still
appear to reject it strongly (Stiller et al. 2001). Actin trees
also tentatively place all three plant lineages together
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(Bhattacharya and Weber 1997), as do combined sequence
data (Moreira et al. 2000, Baldauf et al. 2000). Clearly, more
data are needed from a more representative sampling of algal
lineages.

Cercozoa, Foraminifera, and Radiolaria

This is a heterogeneous assemblage of morphologically and
ecologically diverse forms (fig. 4.4, node 10), including cerco-
monads, thaumatomonads, cryothecomonads, Spongomonas,
chlorarachniophytes, euglyphids, Gromia, plasmodiopho-
rids, and haplosporids, probably also the foraminiferans, and
possibly also the radiolarians. With the exception of the lat-
ter two taxa, each group is currently represented by just a
few genera. The foraminiferans and radiolarians, on the other
hand, are large and well-characterized groups. Most members
of the Cercozoa produce filose pseudopodia (or axopodia) that
are used to capture food particles.

Chlorarachniophytes (genera Chlorarachnion, Lotharella,
Gymnochlora) are photosynthetic marine amoebae with re-
ticulate (anastomosing, networklike) pseudopodia and a
uniflagellate dispersal stage. Theirs is another example of
secondary endosymbiosis, and, similar to Cryptophytes (de-
scribed above), they retain a remnant of the primary endo-
symbiont nucleus (nucleomorph). Euglyphids are testate
amoebae with filose pseudopodia, found commonly in fresh-
water and in mosses. Their silica hard outer shells (test) are
composed of regularly arranged, secreted plates, which are
also used as characters for species identification. The gromids
are widespread marine protists characterized by filose pseudo-
podia and a large (up to 5 mm) spherical to ovoid organic test
with a characteristic layer of honeycomb membranes. It has
a complex life cycle with a well-documented gamontic phase.

Cercomonads (genera Cercomonas, Heteromita, Massisteria)
are common, heterotrophic flagellates, with two naked flagella,
usually able to produce pseudopodia in their trophic stage.
Thaumatomonads (e.g., Protaspis, Thaumatomonas) are biflagel-
late heterotrophic, mostly benthic flagellates. They maintain a
rigid cell profile but feed with ventral pseudopodia. Cryothe-
comonads are flagellated planktonic predators known mostly
from polar oceans. Spongomonas are sessile flagellates that em-
bed into a spongy-walled matrix. Plasmodiophorids and hap-
losporids are typically plasmodial endoparasites of other
eukaryotes. The Plasmodiophora members (10 genera) are
plant parasites, sometimes treated as fungi. They are char-
acterized by multinucleated plasmodia, unusual cruciform
nuclear division and zoospores with two anterior flagella. The
Haplosporidia members (three genera) cause diseases in fresh-
water and marine invertebrates. They form large multinucle-
ate plasmodia with unusual organelles, called haplosporosomes,
of unknown function.

Foraminifera and Radiolaria

Compared with Cercozoa, Foraminifera and Radiolaria are
morphologically well-defined, large groups, composed of
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about 940 and 140 modern genera, respectively. Foramin-
iferans are widely distributed in all types of marine envi-
ronment, but some also occur in freshwater and terrestrial
habitats. They are characterized by finely granular reticulated
pseudopodia (granuloreticulopodia) with bidirectional cy-
toplasmic flow. Most members of Foraminifera possess a test,
which may be organic, agglutinated or calcareous, and com-
posed of single or multiple chambers. Many foraminiferans
have complex life cycles consisting of alternation of sexual
and asexual generations. Nuclear dimorphism has been ob-
served in a few species. Some calcareous foraminiferans live
in endosymbiosis with dinoflagellates, diatoms, green algae,
or red algae.

Radiolaria are characterized by the combination of inter-
nal mineralized “skeletons” and axopodia—long, radiating,
unbranched processes stiffened by arrays of microtubules.
All are marine and pelagic, solitary or colonial. Some live in
symbiosis with different types of algae. Radiolarians consist
of three distinct classes: Acantharea, Phaeodarea, and Poly-
cystinea. Acantharia are characterized by delicate skeletons
that consists of radial spicules, composed of strontium sul-
fate, joined at the center of the cell and emerging from the
cell surface in a regular pattern. Phaeodaria are characterized
by siliceous skeletons formed of hollow radial spines (not
always present) and a very thick capsular membrane. Poly-
cystinea is divided into Spumellaria, whose members pos-
sess a spherical cell body plan, and Nassellaria, with members
having a nonspherical body plan and skeletons varying from
simple spicules to complex helmet-shaped structures. Both
foraminiferan and radiolarian (polycystine and phaeodarian)
skeletons contribute substantially to the microfossil record
in marine sediments extending back to the Cambrian. Their
fossilized tests are used in micropaleontology as biostrati-
graphic markers and as paleoceanographic indicators to de-
termine ancient water temperature, ocean depths, circulation
patterns, and the age of water masses.

Phylogeny

The grouping of Cercozoa, Foraminifera, and Radiolaria is
based almost exclusively on molecular phylogenetic data.
Although the majority of the protists belonging to these
groups possess pseudopodia, this character is also present
in Amoebozoa (described below) and other, now clearly
unrelated groups. The cercozoan clade was originally dem-
onstrated by a series of SSU rRNA analyses progressively
adding more of the unusual members of the group (Bhat-
tacharya et al. 1995, Bulman et al. 2001, Wylezich et al.
2002), the most recent addition being the enigmatic soil
flagellate Proleptomonas faecicola (Vickerman et al. 2003)
and a marine filosean Gromia oviformis (Burki et al. 2002).
Cercozoan affinity was also suggested for Haplosporidia and
Marteilia (Paramyxea; Cavalier-Smith 2000), despite earlier
molecular study, which considered them as independent
eukaryotic phyla (Berthe et al. 2000). SSU rRNA trees always
place Plasmodiophora as the deepest “reliably placed” branch

in the clade and cercomonads sensu stricto as para- or poly-
phyletic within the group.

The grouping of Chlorarachnion and Cercomonas has been
confirmed by a-tubulin (Keeling et al. 1998) and actin (Keel-
ing 2001) gene phylogeny. The latter also first revealed the
close relation between Cercozoa and Foraminifera, contra-
dicting the previous rRNA-based analyses (Pawlowski et al.
1996), and is now confirmed by polyubiquitine structure
(Archibald et al. 2003) and analysis of RNA polymerase II
subunit 1 sequences (Longet et al. 2003). The latter also
shows that, among the Cercozoa, Gromia appears to be the
closest relative to the foraminiferans.

Neither the composition nor the overall phylogenetic
position of Radiolaria is well established. Early SSU rRNA
analyses including Acantharia and Polycystina suggested the
group was polyphyletic (Amaral-Zettler et al. 1997). How-
ever, later analyses of the same data (Pawlowski et al. 1999)
or with the addition of new ciPCR sequences (Lopéz-Garcia
et al. 2003) showed that these two groups are actually closely
related, and the group as a whole to be related to the Cercozoa
(Cavalier-Smith 2002). There are currently no molecular data
for Phaedaria and their morphological distinctiveness has led
to suggestions that they might have an origin independent
from the other two groups.

There are also currently no published SSU rRNA data on
Heliozoa, and their inclusion in a Cercozoa + Foraminifera
+ Radiolaria clade is contradicted by morphological data in-
dicating that at least some of them (actinophryids) are re-
lated to stramenopiles (Mikryukov and Patterson 2001).
However, Radiolaria and Cercozoa appear adjacent to each
other in some SSU rRNA trees (Lopéz-Garcia et al. 2003,
Cavalier-Smith 2002) and may form a very weak clade when
only the shortest branches are analyzed (A. G. B. Simpson,
unpubl. obs.).

Amoebozoa

Lobosa (Lobose Amoebae)

Approximately 14 amoeboid types (fig. 4.4, node 12) are
recognized. They appear to be scattered across the eukary-
ote tree and may have arisen independently from flagellate
ancestors a number of times (Patterson et al. 2000, Cavalier-
Smith 1998, 2002). Traditional taxonomy of amoebae relies
mainly on pseudopodial morphology and, where present, the
morphology and composition of extracellular scales or shells
(tests). There are very few, if any, molecular data on most of
them and generally little indication of their place within the
larger eukaryote tree. Nonetheless, the phylogenetic positions
of the heterolobosean, foraminiferan, and euglyphid (all
described above) amoebae seem to be resolved, as is that of
the lobose amoebae.

The nontestate (naked) lobose amoebae (also known as
ramicristate or gymnamoebae) are now clearly placed with
the Mycetozoa based on mitochondrial genome synapo-
morphies and phylogenetic trees (Bhattacharya and Weber



1997, Baldauf et al. 2000). They generally have one to many
lobose or tubelike pseudopods (lobopodia), usually a single
nucleus, and mitochondrial cristae that are tubular and
branched. Sizes range from a few micrometers to several
millimeters, and many smaller forms probably remain to be
discovered. They are cosmopolitan in distribution and im-
portant as major bacterial predators. Some form cysts to
survive desiccation or other harsh conditions or to invade
hosts. The group consists largely of widespread free-living
species, but they also include animal commensals and op-
portunistic pathogens, such as Acanthamoeba, which causes
eye infections in contact lens wearers. The naked lobose
amoebae may be related to the testate lobose amoebae
(Arcinellinids), but there are no molecular data on them.

Pelobionts and Entamoebae

Pelobionts are amoeboflagellates (possessing both amoeboid
and flagellate morphologies) that mostly live in low-oxygen
environments. They have one or many apical flagella and vary
widely in size; the most famous, Pelomyxa, is a massive
amoeba as long as 3 mm with numerous nonmotile flagella
onits surface. Entamoebae are small aflagellate amoebae, and
almost all are small commensals or parasites of animals. Sev-
eral species live in the mouth and intestinal tract of humans,
causing amoebic dysentery, and they sometimes invade the
liver (Entamoeba histolytica), resulting in serious illness. Both
pelobionts and entamoebas lack mitochondria and, partly on
this basis, were widely thought to represent very early diverg-
ing eukaryotes (Cavalier-Smith 1987). However, they have
recently been shown to have mitosomes, small organelles of
mitochondrial origin (Tovar et al. 1999).

Mycetozoa (True Slime Molds)

The Mycetozoa contain the myxogastrid, dictyostelid, and
protostelid slime molds, although the latter may be para-
phyletic with respect to either or both of the former (Olive
and Stoianovitch 1975). Members of the three groups have
very different trophic (feeding stage) morphologies, as de-
scribed below. This has led to a long-running debate as to
whether they are related or not, and the myxogastrids and
dictyostelids have been variously classified as plants, animals,
and fungi in the ~150 years since they were first described.
However, they all have distinctly similar fruiting bodies con-
sisting of a cellulosic stalk supporting spore-bearing sori,
albeit of widely varying size, form, and complexity (Olive and
Stoianovitch 1975).

The myxogastrids (Myxogastridae) are also known as the
plasmodial, true, or acellular slime molds. The best known
is Physarum polycephalum, easily grown on agar plates in the
lab. These are amoeboflagellates, switching between amoe-
boid and flagellate morphologies early in their life cycle be-
fore maturing into large plasmodia with 10,000 or more
nuclei. Plasmodia are capable of a slow, creeping movement
propelled by cytoplasmic pulsations, even though they can
be 100 cm or more in diameter. The trophic stage of dictyo-
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stelids (Dictyostelidae), on the other hand, is strictly amoe-
boid. Under appropriate conditions the amoebae can ag-
gregate, although cells never fuse to form true plasmodia. As
many as 10,000 or more cells stream together to form a “slug,”
which surrounds itself with a single outer covering and acts
much like a very simple multicellular organism in that it has
a defined head and tail region and is mobile. In Dictyostelium
discoideum, cell fate is determined in the slug, and only
the cells in the tail region can form spores. Protostelids
(Protostelidae) were first described in 1960 and are almost
entirely microscopic. They can be either amoeboflagellate or
strictly amoeboid, sometimes among apparently closely re-
lated taxa (Olive and Stoianovitch 1975). Thus, they seem
to bridge the “gap” between the dictyostelid and myxogastrid
morphologies (Olive and Stoianovitch 1975), and may be
paraphyletic with respect to them.

The possible monophyly of Mycetozoa has been debated
since their discovery in the late 1800s, based on the striking
differences in their trophic stages and striking similarities in
their fruiting bodies. This was not helped by early rRNA trees,
which separated D. discoideum (Dictyostelidae) and Physarum
polycephalum (Myxogastridae) widely. However, all other
molecular data tend to place them together, mostly with very
strong support (Baldauf et al. 2000). Only a single molecu-
lar study includes a protostelid sequence (Planoprotostelium
aurantium), placing it as the sister group to a strong Physarum
polycephalum + Dictyostelium discoideum clade. This suggests
that not only are the myxgastrids and dictyostelids related,
but they are in fact only a subgroup of Mycetozoa (Baldauf
and Doolittle 1997).

Phylogeny

Although there are few molecular data from lobose amoe-
bae, and all from Acanthamoeba castellanii, based on these
sequences the monophyly of the Lobosa + Mycetozoa (fig.
4.4, node 12) is strongly supported by actin (e.g., Bhat-
tacharya et al. 1995) and combined (Baldauf et al. 2000) data.
Lack of support for this grouping from SSU rRNA is not
surprising because these data rarely even bring the Myceto-
zoa together, much less support them strongly as a group.
Combined sequence data also support a strong grouping of
pelobionts and entamaebids and place together with the
Mycetozoa (Bapteste et al. 2002). Although Entamoebae
histolytica is represented in many single gene trees, it is al-
most never united with the Mycetozoa. However, sequences
from this taxon also tend to be very divergent and to form
highly unstable long branches in phylogenetic trees (e.g.,
Keeling and Doolittle 1996).

Perhaps the most convincing data for Lobosa + Myceto-
zoa are shared unique similarities in their mitochondrial
genomes (Ogawa et al. 2000), but because pelobionts and
entamaebids lack mitochondria, these data cannot be ex-
tended to them. Morphologically, the Amoebozoa are united
by the presence of lobose pseudopodia moving in a smooth,
noneruptive manner and tubular mitochondrial cristae.
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Acrasids were until recently grouped with the dictyostelids
because they form similar-looking fruiting bodies. However,
they have discoidal mitochondrial cristae, form eruptive filose
pseudopodia, do not aggregate, and have now been unam-
biguously reclassified as Heterolobosea (described above),
and molecular phylogeny seems to firmly link both groups
to each other and to the Mycetozoa (Bapteste et al. 2002).

Opisthokonta (Animalia and Fungi)

Animalia

Animals (fig. 4.4, node 15) are defined as multicellular het-
erotrophs capable of complex and relatively rapid movement,
acquiring food by ingestion and digesting it in an internal
cavity. Their cells lack rigid cell walls, and all except sponges
are made up of cells organized into specialized tissues, which
are mostly further organized into specialized organs. Most
are diploid and reproduce sexually by means of differenti-
ated eggs and sperm. Animal development is characterized
by distinctive stages including a zygote, blastula, and gastrula
(see Eernisse and Peterson, ch. 13 in this vol.).

Fungi

Fungi (fig. 4.4, node 14) are single or multicellular heterotro-
phs, acquiring their food by absorption after first digesting
it extracellularly with secreted hydrolytic enzymes. Cell walls
are generally present and composed of chitin; multicellular
forms consist of multinucleate filamentous tubes, termed
hyphae. There are five major subtypes: chytrids, zygomy-
cetes, ascomyetes, basidiomycetes, and microsporidians.
Thraustochytrids, oomycetes, mycetozoa, plasmodiophorids,
and labyrinthulids have all been removed from the group,
mostly to the heterokonts. The earliest branches of true fungi
are clearly chytrids, although neither they nor the members
of Zygomycetes are monophyletic (see Taylor et al., ch. 12
in this vol.). The microsporidia are often depicted as ex-
tremely early-diverging lineages in molecular trees, but this
is now known to an artifact of their fast evolutionary rates
for most genes (fig. 4.4, Baldauf et al. 2000).

Animal-Fungus Allies (“Choanozoa”)

A diverse group of taxa have been recently assigned to the
opisthokont clade, although their various branching posi-
tions within it are not generally well resolved. These include
choanoflagellates (aquatic uniflagellates), ichthyosporeans
(obligate intracellular parasites of aquatic animals), coral-
lochytreans (free-living saprophytes), and nucleariids
(cristidiscoidean amoebae). This is a diverse collection of
single-celled taxa with seemingly little in common. Ichthyo-
sporeans and corallochytreans are highly reduced mor-
phologies. Nucleariids lack both “diagnostic” features of
opisthokonts, that is, have no flagella, much less a single
basal one, and their mitochondrial cristae appear to be dis-
coidal rather than flattened (Zettler et al. 2001). Only
choanoflagellates are long-standing candidates for the sis-

ter group to animals, because of their strong resemblance to
the collar cells of sponges. However, the reassignment of
these taxa to Opisthokonta, originally based on SSU rRNA
trees, has been confirmed for choanoflagellates (Monosiga)
and ichthyosporeans (Amoebidium) based on combined
mitochondrial gene trees (Burger et al. 2003). These trees
strongly place the choanoflagellate as the closest sister group
to animals and Amoebidium as a sister group to the
choanoflagellate—animal clade.

Phylogeny

The sisterhood of animals and fungi is now well accepted
among evolutionary protistologists (Cavalier-Smith 1998,
Patterson 1999) and is supported by all large, broadly taxo-
nomically sampled molecular data sets, including SSU rRNA,
LSU rRNA, HSP70 (70 KD heat shock protein), EF-1a (pro-
tein synthesis elongation factor 1-a), a-tubulin, B-tubulin,
and actin, by combined analysis of 23 proteins using the sum
of likelihood scores method, and by all CDS trees (Baldauf
et al. 2000, Moreira et al. 2000, Bapteste et al. 2002). A small
number of morphologically synapormophies have been de-
fined—the unique combination of flattened mitochondrial
cristae and, when flagellate, the presence of a single basal
flagellum on reproductive cells (Cavalier-Smith 1998, 2002)
and similarities in the flagellar anchorage system (Patterson
1999). However, these characters are only sporadically found
among the various opisthokont allies (described above).
Nonetheless, the grouping is often not found in small, poorly
taxonomically sampled single-gene trees, probably because
of long-branch problems and hidden paralogy (Baldauf and
Palmer 1993).

Possible New Additions

There are more than 200 poorly known but distinct groups
of eukaryotes whose affinities are unclear (Patterson 1999).
Most of these are small free-living heterotrophic flagellates
or amoebae or are parasites of various kinds. Many will
doubtless turn out to fall within one or more of the groups
described above, but there are reasons for guessing that some
form distinct major groups. Apusomonads and Ancyromonas
are probably closely related, small gliding flagellates sup-
ported by submembranous thecae. Some SSU rRNA trees
weakly suggest that they are closely related to opisthokonts.
Collodictyonids are free-swimming predators of other eu-
karyotic cells that form no close relationships in SSU rRNA
trees (Brugerolle et al. 2002).

Heliozoa (“sun animals”) are a large, diverse collection
of cells that capture food particles using radiating stiffened
pseudopodia. They form at least four distinct groups and are
widely assumed to be polyphyletic, although actinophryid
heliozoa alone are thought to be descended from hetero-
konts. Tenuous morphological considerations suggest piv-
otal roles for Phalansterium and Multicilia (small flagellates)
for understanding the evolution of Amoebozoa, and possi-



bly all eukaryotes, but this is not confirmed with detailed
examinations or molecular data. Little is known of the posi-
tions of kathablepharids, spironemids, or Telonema, to name
just a few.

The Eukaryote Root

Probably the single most outstanding question in eukaryote
evolution is the location of the root of tree. The predomi-
nant theory until recently has been the Archezoa hypothesis
based on the observation that the deepest branches in the
eukaryotic SSU rRNA tree were mitochondrion-lacking
organisms, that is, microsporidia, diplomonads, and para-
basalids (described above; Cavalier-Smith 1987, Sogin 1991).
This led to the suggestion that these taxa diverged before
unique acquisition of the mitochondrial symbiont in eukary-
otes. However, nuclear-encoded mitochondria-like genes
have been found in representatives of each of these groups,
suggesting they once had at least the precursor of this organelle
(Roger 1999, Tachezy et al. 2001). Analyses of protein-encod-
ing genes also showed microsporidia to be members of Fungi
(Keeling et al. 2000, Hirt et al. 1999, Baldaufet al. 2000). The
deep placement of their sequences in SSU rRNA trees is an
extreme case of long-branch attraction (Embley and Hurt
1998; see also Philippe, ch. 7 in this vol.).

Most other molecular phylogenies, including CDS trees,
still place diplomonads and/or parabasalids as the most basal
eukaryote branches (Hashimoto et al. 1994, Philippe and
Adoutte 1998, Bapteste et al. 2002). However, these se-
quences still tend to form very long branches in these trees,
and it can still be argued that their deep placement is simply
a long-branch artifact (see Philippe, ch. 7 in this vol.). Meth-
ods designed to compensate for long-branch attraction, such
as transversion parsimony or covarion analyses, tend to show
the eukaryote tree without any deep resolution, which may
indicate that the major eukaryote groups arose by explosive
radiation (see Philippe, ch. 7 in this vol.), or simply that these
methods remove most of the information from a data set so
that nothing can be resolved.

A radically different placement of the eukaryote root is
suggested by a recently investigated a gene fusion involving
dihydrofolate reductase (DHFR) and thymidylate synthase
(TS). The genes for these proteins are separate in bacteria and
opisthokonts but fused in plants, cercozoans, chromalveo-
lates, apusomonads, centrohelids, and discicristates (Stech-
mann and Cavalier-Smith 2002). If this root is correct, it
places the opisthokonts as one of, if not the, first extant
branch off the main line of eukaryote descent. If the exca-
vates are then taken as monophyletic, for which there is cur-
rently no strong molecular phylogenetic support, this shift
in the root makes the amitochondriate excavates a relatively
recently derived group (sister group to discicristates). The
strength of this character rests on the assumption that gene
fusions are highly irreversible, which is not true and diffi-
cult to evaluate here. The scenario is further complicated by
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the fact that Dictyostelium, a pivotal taxon in this scheme,
lacks these genes entirely (Myllykallio et al. 2002), as do
members of the alternative deepest eukaryote branch, amito-
chondriate excavates. Further data are clearly needed.
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Norman R. Pace

The Early Branches in the Tree of Life

The development of DNA sequencing technology in the last
decades of the 20th century revolutionized biology, includ-
ing the ways in which we can study the history of life. Before
the availability of gene sequences, relationships of fossils were
the main hope to chart the evolution of life. The character
traits used to relate organisms in evolution were primarily
morphological and could not be applied to microbial organ-
isms. With gene sequences, contemporary organisms are
related quantitatively in terms of nucleotide differences.
Variation in sequences among modern organisms is a mea-
sure of the extent of biodiversity. Gene and now whole-
genome sequences also allow the inference of maps of the
history of evolution, in the form of phylogenetic trees. The
results are illuminating and provide grist for conjecture and
controversy on the evolutionary process. The purpose of this
article is to tour the large-scale structure of the phylogenetic
Tree of Life and to provide some interpretation of this emerg-
ing view of life’s history. I emphasize how our understand-
ing of the extent of the tree has expanded because of recent
molecular studies of microbial diversity in the environment.

Molecular Phylogeny: Inference
of Phylogenetic Trees
Ancestral relationships of modern organisms are derived

using the techniques of “molecular phylogeny.” The basic
notion of molecular phylogeny is simple. Sequences of ho-
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mologous (more properly, orthologous) genes, genes with
common ancestry and function, from different organisms are
aligned so that corresponding DNA bases can be compared.
The number of differences between pairs of sequences is
counted, which is considered to be some measure of the
evolutionary distance that has separated the pairs of organ-
isms. Just as geographical maps can be constructed from
distances between land features, evolutionary maps—"“phy-
logenetic trees”—can be inferred from evolutionary distances
(sequence changes) between homologous genes. Calculations
of the path of evolution are fraught with statistical uncertain-
ties, however.

The process of inferring the best relatedness trees from
pairwise sequence counts is complex and dependent on
models of evolution used to calculate such trees (Swofford
et al. 1996). One complexity that vexes attempts to infer the
deeper relationships in the universal phylogenetic 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 counted,
and multiple past mutations, which are counted as only single
changes. Numbers of mutational events per observed muta-
tion can be estimated statistically, but a significant amount
of the information used to build trees then becomes infer-
ential, not directly observed. The mathematics of estimating
actual changes from observed change are such that deeper
branch points in phylogenetic trees are accompanied 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 developed to cope with the problems
mentioned and others, but statistical vagaries are inescapable.
The methods in common use are dependent on different
models for reconstructing relationships, and this can influ-
ence the topological outcome of phylogenetic calculations.
Popular methods for inferring phylogenetic trees from se-
quence relationships include evolutionary distance (ED),
maximum parsimony (MP), and maximum likelihood (ML).
ED uses corrected sequence differences directly as distances
to calculate the pattern of ancestral connections. MP pre-
sumes that the fewest changes make the best trees, so opti-
mal relatedness patterns are estimated by the minimum
number of changes required to generate the topology. ML is
a statistical method that calculates the likelihood of a par-
ticular topology given the sequence differences. In each case,
statistical uncertainties in the calculations render any particu-
lar result questionable. Consequently, nodes in trees are
tested many times using the same method and with subsets
of the sequence collection, so-called “bootstrap analysis.” The
reliability 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 calculating phylogenetic trees usually
give generally comparable results. Nonetheless, intrinsic un-
certainties in any tree must be acknowledged, particularly in
the placement of deeper branches.

What Gene for Deep Phylogeny?

Any collection of homologous gene sequences can be used
to infer phylogenetic relationships among those genes, but
genes used to infer the overall structure of evolution, a uni-
versal phylogenetic tree, have special constraints on their
properties (Woese 1987). One is that the gene must occur
in all forms of life, so all can be related to one another. The
hemoglobin gene, for instance, would not be useful for large-
scale phylogeny because many groups do not contain the
gene. A second constraint is that the gene must have resisted,
over the ages, lateral transfer between genetic lines of de-
scent. Genomic studies have shown clearly that many kinds
of genes, for example, metabolic genes, have experienced ex-
tensive lateral transfer during the course of their evolution
(Koonin et al. 2001, Woese 2000). Use of such genes for
phylogenetic reconstructions produces conflicting results. A
third constraint on genes that can be used to infer global
phylogenetic trees is that they contain sufficient information,
numbers of homologous nucleotides, so that relationships
can be established with the best statistical reliability. There
are not many genes that meet all these requirements. Most
genes occur in only a limited diversity of organisms, and
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many have undergone 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
subunits and small subunits (SSUs) of rRNAs. Ribosomes are
present in all cells and major organelles, 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. Therefore,
changes in the rRNA sequences seem to reflect the evolution-
ary path of the genetic machinery.

SSU rRNA sequences were first used for phylogenetic stud-
ies by Carl Woese, even before it was possible to determine
gene sequences rapidly. Woese painstakingly prepared radio-
active rRNAs from many diverse organisms, mostly microbes,
and compared their content of short patches of sequences,
fragments called oligonucleotides. The prevailing notion of
life’s evolutionary diversity at the time was framed in the con-
text of two kinds of organisms, procaryote or eucaryote. Con-
sequently, it was unexpected when the rRNA sequences from
diverse organisms fell into three, not two, fundamentally dis-
tinct groups (Woese and Fox 1977). There had to be three
primary lines of evolutionary descent, phylogenetic “domains,”
now termed Archaea (formerly archaebacteria), (eu)Bacteria,
and Eucarya (eucaryotes; Woese et al. 1990). Woese’s 1977
paper reporting the discovery of Archaea sparked publicity and
controversy (Woese and Fox 1977). The concept of three pri-
mary relatedness groups of life touched off a flurry of refuta-
tions defending the procaryote—eucaryote 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 fundamentally in-
correct. The shift in public and textbook treatment of the large
organization of life is ongoing.

The Three Phylogenetic Domains of Life

Figure 5.1 is derived from a tree calculated using the particu-
lar set of rRNA sequences (Barns et al. 1996). 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 expression. The dimension along the lines is sequence
change, not time. Estimated evolutionary change that separates
contemporary sequences (organisms) is read along line seg-
ments. The “root” of the universal tree, the point of origin for
modern lineages, cannot be established using sequences of only
one type of molecule. However, phylogenetic studies of gene
families that originated before the last common ancestor of the
three domains have placed the root on the bacterial line (Gogar-
ten et al. 1989, Twabe et al. 1989). This means that Eucarya
and Archaea had a common history that excluded the descen-
dants of the bacterial 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. Thus,
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modern representatives of Eucarya and Archaea share many
properties that differ from bacterial cells in fundamental ways.
One example of similarities and differences is in the nature of
the transcription machinery. The RNA polymerases of Eucarya
and Archaea resemble each other far more than either re-
sembles 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 (Marsh et al. 1994, Rowlands et al. 1994). The shared
evolutionary history of Eucarya and Archaea suggests that we
may be able to recognize fundamental elements of our own
cells through study of the far simpler archaeal version.

The rRNA sequence information, along with other molecu-
lar data, solidly confirms the century-old notion that mito-
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chondria and chloroplasts are derived from bacterial sym-
bionts. The sequence comparisons establish that mitochon-
dria are representatives of the Proteobacteria, the group
indicated by Escherichia and Agrobacterium in figure 5.1.
Chloroplasts derived from cyanobacteria, represented by
Synechococcus and Gloeobacter in figure 5.1. Thus, all of the
respiratory and photosynthetic capacity of eucaryotic cells was
obtained from bacterial symbionts. The nuclear component
of the modern eucaryotic cell did not derive from an ancient
bacterial or archaeal symbiosis, however. Molecular trees based
on rRNA and other reliable genes show unequivocally that the
Eucarya are as old as the Archaea. The mitochondrion and
chloroplast came in relatively late in the sense of sequence
change in TRNA, but early in the chronological history of life



(described below). This later evolution of the major organelles
is evidenced by the fact that mitochondria and chloroplasts
diverged from peripheral branches in the molecular trees (fig.
5.1). Moreover, the most deeply divergent eucaryotes in phy-
logenetic trees even lack mitochondria. These latter kinds of
organisms, little-studied but sometimes troublesome anaero-
bic creatures such as Giardia, Trichomonas, and Vairimorpha,
nonetheless contain at least a few bacteria-type genes (Sogin
and Silberman 1998). These genes may be evidence of an ear-
lier symbiosis that was lost, or perhaps a gene transfer event
between the evolutionary domains.

A Microbial World

A sobering aspect of large-scale phylogenetic trees such as
shown in figure 5.1 is the graphical realization that most of
our knowledge in biological sciences has focused on but a
small slice of biological diversity. The organisms most rep-
resented in our textbooks of biology, animals (Homo in fig.
5.1), plants (Zea), and fungi (Coprinus), constitute only pe-
ripheral branches even of eucaryotic cellular diversity. Life’s
genetic diversity is mainly microbial in nature. Although the
biosphere is absolutely dependent on the activities of micro-
organisms, our understanding of the makeup and natural
history of microbial ecosystems is, at best, rudimentary. One
reason for the paucity of information is that microbiologists
traditionally have relied on laboratory cultures for the de-
tection and identification of microbes. Yet, more than 99%
of natural microbes are not cultured using standard tech-
niques. Consequently, most environmental microbes have
remained largely unknown.

The development of cloning and sequencing technology,
coupled with the relational perspective afforded by phylo-
genetic trees, made it possible to identify environmental mi-
crobes without the requirement for culture (Pace 1997). The
occurrence of phylogenetic types of organisms, “phylotypes,”
and their distribution in natural communities can be sur-
veyed by sequencing rRNA genes obtained directly from
environmental DNA by cloning. This sidesteps the need to
culture organisms in order to learn something about them.
A sequence-based phylogenetic assessment of an uncultivated
organism can provide insight into many of the properties of
the organism through comparison with its studied relatives.
On the other hand, many of the phylotypes detected in the
environment have no close relatives in the culture collections,
so little can be inferred about the properties of the organ-
isms that correspond to the sequences. The sequences, how-
ever, can be used to devise experimental tools, for instance,
molecular hybridization probes, that can be used identify and
study the inhabitants of microbial ecosystems. Regardless of
the properties of the organisms they represent, the novel
rRNA sequences have provided additional perspective on the
topology of the universal tree. The following sections discuss
the evolutionary structures of the three domains.
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Bacteria

Most knowledge of microorganisms has derived from the
study of only a few kinds of bacteria, mainly cultured organ-
isms and in the context of disease or industrial products. Any
general census of bacteria that make up naturally occurring
microbial communities was not possible until the develop-
ment of the molecular methods that identify TRNA sequence-
based phylotypes without culture. As rRNA sequences have
accumulated in the databases, now numbering more than
80,000, it is apparent that the heavily studied species repre-
sent only a fraction of bacterial diversity.

The phylogenetic tree shown in figure 5.1 is based on a
calculated result with the sequences included. Trees in-
ferred 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 analy-
sis. A summary of the results of tree calculations with dif-
ferent methods and different suites of bacterial rRNA
sequences is diagrammed in figure 5.2 (Hugenholtz et al.
1998a). The wedges indicate the radiations of the major
clades, relatedness groups. These are termed “phylogenetic
divisions,” or “phyla.” The number of known bacterial di-
visions has expanded substantially in recent years. The first
compilation, by Woese in 1987 (fig. 5.2 inset), could in-
clude only about 12 divisions. About 40 such deeply re-
lated groups of bacteria have now been identified by rRNA
sequences. Only about two-thirds of the bacterial divisions
have cultured representatives (filled wedges in fig. 5.2). The
remaining (open wedges) have been detected only in mo-
lecular surveys of environmental rRNA genes. Organisms
that belong to these bacterial divisions without cultured
members sometimes are abundant in their respective envi-
ronments, and therefore, their activities are likely signifi-
cant in the local biogeochemistry. Sequences that identify
members of the WS6 division, for instance, are conspicu-
ous in hydrocarbon bioremediation sites and so likely are
important for that process (Dojka et al. 1998). OP11 se-
quences, first detected in a hot spring in Yellowstone Na-
tional Park (Hugenholtz et al. 1998b), commonly are
abundant in anaerobic environments (J. K. Harris, S. T.
Kelley, and N. R. Pace, unpubl. obs.). The rRNA sequences
thus point to areas for investigation by microbiologists.

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 (e.g., figs. 5.1 and 5.2) often
indicate 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 na-
ture of those organisms and their rRNAs. The base of the
bacterial tree is best seen as a polytomy, an expansive radia-
tion that is not resolved with the current data. It is possible
that future studies will draw together some of the groups that
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Figure 5.2. Diagrammatic
representation of the phyloge-
netic divisions of Bacteria.
Phylogenetic 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. Solid wedges are
represented by cultured
organisms. Open wedges are
represented only by environ-
mental sequences and are
named after rRNA gene clone
libraries (OP, WS, TM, OS). The
smaller or larger areas of the P
sectors correspond to smaller or

Dictyoglomus

v
Coprothermobacte

ales .
—meﬂ“ow% e

&0
ap fweud

larger numbers of sequences
available. The scale corresponds
approximately to 0.1 changes
per nucleotide (Hugenholtz

et al. 1998a). The inset shows
the bacterial tree of the 12
phylogenetic divisions known in
1987 (Woese 1987).

0.10

BACTERIA, 1987

now seem to constitute division-level diversity. An impor-
tant direction in this regard is the accumulation of additional
sequences, particularly those that represent the entire diver-
sity of the bacterial divisions. Broad taxon representation of
sequences is required to produce the most accurate phylo-
genetic trees (Hillis 1998). Currently, however, as illustrated
in figure 5.3, most rRNA sequences are from only a few of
the bacterial divisions. Further environmental surveys with
molecular methods will be the most efficient way, possibly
the only way, to gather a broader information base on bacte-
rial diversity. It is also likely that genomic studies will con-
tribute to the resolution of the bacterial tree. For instance,
the common occurrence of gene families could be evidence
for a specific relationship between divisions that are not con-
vincingly relatives within the accuracy of the rRNA trees.
Although the understanding of the fine structure of the bac-
terial tree will improve, the current picture of the base of the
tree as an expansive radiation of independent lines of genetic
descent is unlikely to change.

This overall structure of the bacterial phylogenetic tree
(fig. 5.2), aline of descent with no (surviving) branches and
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then a burst of diversifying genetic lineages, is intriguing.
This evolutionary radiation surely was one of the great land-
marks in biology, and the consequences of that diversifica-
tion included profound modification of this planet, through
the metabolic activities of the resulting organisms. What
could have sparked such a spectacular radiation in the bac-
terial tree? One possibility is that the expansive genetic dif-
ferentiation resulted when early life developed sufficient
sophistication that stable, independent lines of descent
could be established. Before that, the rudimentary nature
of biochemical processes may have precluded the establish-
ment of independent genetic lines of descent. Genes would
have been shared by communities of replicating entities.
Woese has discussed the transition between early biochem-
istry and the establishment of the cellular lines of descent
as analogous to an annealing process (Woese 1998, 2000).
Initially, mutation rates and lateral transfer would have been
high. As increasingly complex and specific structures ac-
cumulated, both mutation rates and lateral transfer would
have tapered off, and discrete genetic lines of descent could
be established.
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Figure 5.3. Phylogenetic distribution of SSU rRNA sequences > 500 nucleotides in length in the
RDP-ARB database (http://rdp.cme.msu.eduw/html/). Figure compiled by Kirk Harris.
Archaea diversity that makes up that phylogenetic domain surely is

In 1977, at the time of the recognition that archaeans are
fundamentally distinct from both bacteria and eucaryotes,
only a few species of those organisms had been cultured and
studied. The properties of these organisms seemed unusual.
Some of the cultured species were highly anaerobic metha-
nogens, using molecular hydrogen as an energy source and
respiring with carbon dioxide, to make methane. Others
thrived in saturated brine, for instance, Israel’s Dead Sea, and
produced a rhodopsin-like pigment akin to that in our own
eyes. A third type of what became known as members of
Archaea were acidophilic thermophiles, found in acidic geo-
thermal springs. Most examples of Archaea that have been
cultured since their recognition also have been obtained from
those environments. Consequently, archaeans popularly have
been considered restricted to environments that are “ex-
treme” 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.
Our understanding of the structure of the archaeal phyloge-
netic tree rests on only about 1000 rRNA sequences, about
half from cultured organisms and the others from environ-
mental surveys of rRNA genes. Relatively few environments
have been analyzed for Archaea, however, so the extent of

far broader than we know.

Figure 5.4 is a diagram of the known phylogenetic
makeup of the domain Archaea. There are two main relat-
edness 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 consoli-
dated by further studies of gene sequences and descriptions
of organismal properties (Barns et al. 1996). The branch
between these main evolutionary clades of Archaea are the
deepest within any of the three domains. The depth of sepa-
ration of Euryarchaeota and Crenarchaeota also is indicated
by many biochemical properties and genomic features. For
instance, even DNA is packaged differently in these two kinds
of organisms: euryarchaeotes use histones to package chro-
matin, much as do eucaryotes, whereas crenarchaeal genomes
evidently lack histone genes (Pereira et al. 1997). 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 environ-
mental sequences have revealed no new groups that diverge
deeply in the euryarchaeal tree. In contrast, most of the
known rRNA diversity of Crenarchaeota is known only from
environmental sequences. All cultured crenarchaea are ther-
mophilic and often are obtained from geothermal environ-
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ments. The properties of these organisms did much to popu-
larize the notion of archaeans as exclusively “extremophiles.”
It came as a surprise, then, when abundant, phylogenetically
diverse crenarchaeal rRNA gene sequences were discovered
in more moderate habitats ranging from shallow and deep
marine waters, soils, sediments, and rice paddies, to sym-
bionts in some invertebrates (DeLong and Pace 2001). As
shown in figure 5.4, only one of the main relatedness groups
in Crenarchaeota is composed of named organisms. The
other groups consist of environmental organisms represented
only by sequences. These otherwise largely unknown organ-
isms are some of the most abundant creatures on Earth. In
the oceans, for instance, low-temperature crenarchaea occur
at concentrations of 107 to 108 cells per liter throughout the
water column at all latitudes, and typically constitute 20-50%
of the cells present. The niche in the global ecosystem that
these organisms fill is not known. Cultured crenarchaea com-
monly use hydrogen as an energy source, and molecular
hydrogen is pervasive in the environment at very low levels
(Morita 2000). 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. Environmental DNA is cloned as large
pieces that can be linked together and sequenced to gain
further information on the organisms identified by the rRNA
sequences (DeLong et al. 1999).

Eucarya
Molecular evolutionary studies of eucaryotes have relied

generally on a sparse collection of gene sequences that do
not represent the full range of eucaryotic diversity in nature.

Korarchaeota

EUCARYA, BACTERIA

As shown in figure 5.1, the most diverse eucaryotic rRNA
sequences are derived from microbes. Yet, such organisms
are the least known of eucaryotes and have received the least
attention from molecular phylogenetic studies. More than
100,000 microbial eucaryotes, “protists,” have been described
(Patterson and Sogin 1993), but only a few thousand have
been investigated for rRNA sequence (Sogin and Silberman
1998). 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 phylo-
genetic calculations has improved the resolution of the eu-
caryotic tree by providing additional diversity Dawson and
Pace 2002). A diagram that summarizes the phylogeny of the
eucaryotic taxonomic kingdoms from the rRNA perspective
is shown in figure 5.5. There is no convention for the taxo-
nomic organization of sequence-based relatedness groups of
eucaryotes. Based on various traditional or molecular classi-
fication schemes, eucaryotes have been categorized into any-
where from three to more than 70 major kingdoms. Eucaryal
sequences available in the databases fall into about 30 inde-
pendent relatedness clusters, the known kingdom-level re-
latedness groups (Dawson 2000; not all shown in fig. 5.5).

From the perspective of rRNA sequences, the overall
topology of the eucaryal tree is seen as a basal radiation of
independent lines of descent, one of which gave rise to other
main lines, one of which culminated in the “crown radiation”
of the familiar taxonomic kingdoms such as animals, plants,
stramenopiles, and so forth (fig. 5.5). The specific positions
of intermediate branches in the rRNA tree are only approxi-
mate, but the successive branching order is indicated by sev-
eral kinds of analyses (Dawson and Pace 2002, Sogin et al.
1989). The accuracy with which the kingdom-level lines can
be resolved will improve as the sequence collection available
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for analysis grows. This view of successive branching in the
eucaryotic tree contrasts with the results of some compari-
sons of protein-encoding genes, with limited phylogenetic
representation (Philippe et al. 2000). Those results have been
interpreted to indicate that there is no particular branching
order, that the contemporary kingdom-level lines derive from
a single expansive radiation analogous to the bacterial ra-
diation (fig. 5.2). Proponents of this view have argued that
extensive sequence differences between basal-derived and
crown-group TRNA genes do not reflect great evolutionary
distances, but rather are a consequence of relatively rapid
evolution in the basal lines. Some of the environmental rRNA
gene sequences branch more deeply in the tree than the
crown radiation, however, and are not rapidly evolving lines.
These environmental sequences punctuate the long lines
between the crown and the previously identified basal diver-
gences. The occurrence of deeply divergent eucaryotic lines
with slow substitution rates (short lines) indicates that the high
rates (long lines) previously ascribed to the basal divergences
in TRNA trees are not the norm. Phylogenetic trees based on a
single gene, SSU rRNA in this case, of course cannot reflect
the genealogies of all the genes that specify organisms because
of the potential influence of lateral transfer. Genes with phy-
logenies that are not congruent with the rRNA tree possibly
have undergone lateral transfer in their evolution.

The successive radiations of the main lines of descent are
significant landmarks in eukaryotic history. Correlation of
cellular properties or genomic sequences with rRNA trees

Crown Radiation

Figure 5.5. Schematic diagram
of the evolution of Eucarya. The
branch points of these king-
dom-level groups are based on
trees inferred with ED, MP, and
ML and representative se-
quences. The areas of the
wedges reflect nonlinearly the
relative numbers of SSU rRNA
sequences of these groups in
GenBank. Groups named LEM,
BOL, and BAQ are represented
only by environmental rRNA
gene clones (Dawson and Pace
2002).

may provide clues regarding the biological innovations that
sparked these deep radiations. One noteworthy correlation
may be the phylogenetic distribution of the major organelles,
chloroplasts and mitochondria. All characterized represen-
tatives of the basal lineages of eukaryotes lack mitochondria
and chloroplasts, whereas organisms of more peripherally
branching groups have those organelles. As diagrammed in
figure 5.6, the distribution of these organelles indicates that
much of the modern diversity of eucaryotes may have been
made possible by the metabolic power and light-harvesting
capacity of bacteria.

Time and the Tree of Life

Because sequences of genes change with time, it seems natural
to try to infer the times of branch points in evolutionary his-
tory by the extents of sequence divergence between modern
genes. Indeed, molecular phylogenetic trees often are inter-
preted 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 descent 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 5.1. Thus, lines leading to
modern-day members of Archaea are systematically short
compared with the lines leading to their sister group, mod-
ern eucaryotes. Moreover, the rate of change in sequences is
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The diagram shows the pattern of eukaryotic evolution and the
incorporation of the major organelles, chloroplasts, and
mitochondria. As described in the text, the organelles would
have been in place more than 3.5 Byr ago.

not constant with time. This is seen in the mitochondria,
which have undergone many more sequence (and other)
changes than has their sister line in this tree, the line leading
to the proteobacterium Agrobacterium tumefaciens (fig. 5.1).
Thus, a sequence-based phylogenetic tree cannot be used to
date events unless the tree can be calibrated by correlating a
historical occurrence with some feature in the tree.

The deep evolutionary branches that gave rise to the
phylogenetic domains blur into the origin of life, and their
subbranches probably happened early, as well. A geological
and biological correlation that may estimate one time point
in the Tree of Life is the occurrence of molecular oxygen and
the phylogenetic radiation of the only organisms that pro-
duce oxygen, the cyanobacteria. Although oxygen did not
become abundant until 2-2.5 billion years (Byr) ago, there
is evidence for oxidized iron in 3.5-Byr-old rocks (Sleep
2002). The occurrence of stromatolites in those rocks indi-
cates that complex microbial communities had developed by
that time. Moreover, the shapes of ostensible microfossils in
cherts of the same age are proposed to resemble morpho-
logically conspicuous, modern-day cyanobacteria (Schopf
1994). This presence of oxygen, bolstered by the fossil record,
suggests that the cyanobacterial radiation (indicated by
Gloeobacter, Synechococcus, and chloroplast in fig. 5.1) had
already occurred by 3.5 Byr ago. The main bacterial diver-
gences must have occurred even before the time of the
cyanobacterial radiation. Because the phylogenetic line that
led to chloroplasts originated at the base of the cyanobacterial
radiation, it seems likely that chloroplasts, as well, were de-
rived early. The branch point of a mitochondrial lineage from
proteobacteria is consistent with the early appearance of that

organelle, too. Therefore, the modern kind of eucaryotic cell,
with organelles, probably also arose early, more than 3.5 Byr
ago. The eucaryotic nuclear line of descent is even more
ancient, as old as the archaeal line.

Conclusion and Prospects

The general outlines of a universal phylogenetic tree are now
in place. It is clear, however, that it incompletely portrays
the breadth of biological diversity. A main reason that it is
incomplete is because our understanding of microbial diver-
sity is rudimentary. Molecular studies of environmental or-
ganisms 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 organ-
isms in the environment are heavily dependent on the mi-
crobial diversity that we already know about. Are there other
new bacterial divisions and eukaryotic kingdoms to be dis-
covered? Almost certainly. Even the limited studies of mi-
crobial ecosystems so far have turned up remarkable novelty,
and the complexity of those ecosystems indicates that much
broader diversity will be encountered.

The complexity of the microbial world does not fit well
into the call of many biologists to enumerate all of Earth’s
species. Microbial diversity is too broad, far too complex to
be accommodated by species counts. On the other hand, a
sampling and an articulation of the extent of cellular diversity
can be accomplished by sequence surveys of environmental
rRNA genes. The sequences reflect the kinds of organisms that
they represent, and the frequencies of the phylotypes are a
rough census of the microbial world. An expanded sequence
representation of life’s diversity also will afford more accurate
molecular phylogenetic reconstructions and bring us to a closer
understanding of our earliest beginnings.

Dedication

This article is dedicated to Roy Chapman Andrews, who knew
that there were things to be discovered; and to the American
Museum of Natural History, which gave him the opportunity to
go find them.
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W. Ford Doolittle

Bacteria and Archaea

The Triumph of Molecular Phylogeny

The collection of chapters in this volume and the symposium
for which they were assembled celebrate one of the signal
achievements of 20th century biology: the integration of
molecular sequence analyses with more traditional compara-
tive and paleontological approaches in the construction of a
universal Tree of Life. Integration is one of the key words here.
Without molecular data, we would still find it easy to tell
birds from bees or to distinguish any bird or bee from broc-
coli, brewer’s yeast, or bacteria. But we would have no strong
basis for deciding, as we have (see Baldauf et al., ch. 4 in this
vol.), that all birds and bees are closer kin to yeast than to
broccoli. Nor would we have much reason to be as confident
as we are that, despite the manifest differences in size, shape,
and lifestyle, organisms in the first four groups—all eukary-
otes, with nucleated cells—share a common ancestor with
the nonnucleated prokaryotes (Bacteria and Archaea). For
all the very deep branchings, only molecular data—in the
form of DNA or protein sequence, or sometimes three-di-
mensional protein structure—can provide unarguable evi-
dence for common ancestry and define lines of descent.
Unarguable is another key word. Of course, biologists
have never been at a loss for theories about how one type of
living thing might be evolutionarily related to another, and
what features might be important for deciding this. I remem-
ber being taught in high school that brewer’s yeast and other
fungi were really a complex kind of bacterium, because of
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their shared absorptive mode of taking nutrients, cell walls,
and general cellular simplicity, for instance. By the time I
started college, this view had been replaced by the synthesis
known as Whittaker’s Five Kingdoms (Animals, Plants,
Fungi, Protozoa, and Bacteria each as separate assemblages).
Such theories were always fluid and arguable, because there
were few commonly agreed upon grounds for formulating
or proving them. One difficulty was in knowing which shared
features are truly homologous (similar because they derive
from such a feature in a common ancestor) and which are
analogous (independently evolved for similar purposes, e.g.,
the wings of birds and bats, or the aquatic habits of fishes
and whales). Claims for evolutionary relatedness can only
be made on the basis of homologous traits. Another diffi-
culty was in converting data about shared features (if ho-
mologous) into quantifiable measures of overall organismal
similarity. How do we combine data about biochemical
pathways, cellular ultrastructure, and behavior, which are
so profoundly different in quality, into a single quantity
measuring relatedness?

Molecular sequence data, at least at first blush, obviate
both problems. There are 20'% possible proteins 100 amino
acids long. Anything more than about 15% sequence iden-
tity between two proteins cannot be mere coincidence and
is unlikely to be the result of evolution independently redis-
covering the same solution twice (convergence), because one
of evolutionary biology’s best-learned lessons is that there are
many different ways to solve the same challenge. So signifi-



cant sequence similarity can be taken as significant evidence
of homology. It is also eminently quantifiable: we have only
to line two sequences up so as to optimize the match, and
count the identical amino acids (or nucleotides, for an RNA
or DNA sequence). These advantages of molecular sequence
data were first recognized by Emile Zuckerkandl and Linus
Pauling, whose 1965 papers founded the now flourishing
discipline of molecular phylogeny (Zuckerkandl and Pauling
1965). Further, Zuckerkandl and Pauling argued that gene
sequence data (or its direct read-out in RNA or protein se-
quence) deserve our attention more than features of organismal
form and function, because they are more fundamental. DNA
sequence determines organismal form and function, and not
the other way round. Indeed, the latter contain no evolution-
ary information that is not encoded in the former.

Implicit in Zuckerkandl and Pauling’s arguments, and
embodied in the molecular phylogenetic work they inspired,
was the assumption that, in picking a gene to do phylogeny
with, all we needed to worry about was the ease with which
it (or its RNA or protein product) can be isolated and se-
quenced, and the breadth of its distribution. (Hemoglobins
are marvelous for doing vertebrate phylogeny, but plants and
bacteria don’t have them.) What we didn’t have to concern
ourselves with was the possibility that different genes in a
genome might have different phylogenetic histories. This as-
sumption is depicted in figure 6.1A and could be summa-
rized as individual gene trees = genome tree = organism tree.
Carl Woese made something like this assumption near the
end of the 1960s, when he chose small subunit (SSU) ribo-
somal RNA (rRNA) as a “universal molecular chronometer,”

Bacteria and Archaea 87

a stand-in for all genes. SSU rRNA was one of the few ubig-
uitously distributed gene products that could be easily iso-
lated and (at least partially) sequenced at that time (Woese
1987). It still would be one of the best all around choices
(see Pace, ch. 5 in this vol.).

Ironically, a strong violation of the principle illustrated
by figure 6.1A was proposed by Lynn Margulis, at very nearly
the same time, and provided one of the first hypotheses about
deep phylogeny that the infant discipline of molecular phy-
logeny could cut its teeth on (Margulis 1970). She dusted
off and made modern the endosymbiont hypothesis for the
origin of chloroplasts and mitochondria, first proposed by
Mereschowsky in the late 19th century. According to this
notion, these energy-generating organelles (the first respon-
sible for photosynthesis in all plants and algae, and the sec-
ond for respiration in almost all eukaryotes) were once
free-living bacteria that had become trapped in the cytoplasm
of ancient eukaryotic cells, as permanent endosymbionts
(fig. 6.2). In this sheltered and nutrient-rich environment,
many genes useful only for independent life were lost,
whereas many producing proteins still needed for photosyn-
thesis or respiration were transferred to the nucleus (so that
their products would thenceforth have to be transported back
into the organelle). A few genes were retained on the tiny
residual genomes found in mitochondria and plastids, how-
ever, and these could unequivocally be used to trace the
evolutionary origins of these organelles.

Among such retained genes were those for organellar
versions of SSU rRNA. By the mid 1970s, several groups had
shown that chloroplast and mitochondrial SSU rRNA genes

Figure 6.1. Three models for the relationships between organismal, genome, and gene phylogenies, for four imaginary species
(labeled A, B, C, and D). (A) shows the “standard model”: no genes are exchanged between genomes, so the gene complements of any
genome can change only through loss of genes or duplication of genes, followed by divergence in sequence and function. (B) shows
the “stable core”: some, possibly even most, genes can be exchanged between genomes over evolutionary time, but a core of genes is
immune to this process, and the (congruent) phylogenies of these genes can be used to trace organismal phylogeny, and construct the
true Tree of Life. In (C), the “shifting core” model, no two genes need have the same phylogeny throughout all of life’s history.
Nevertheless, within restricted regions of the tree, most genes might evolve in a coherent fashion, showing congruent phylogenies.
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Figure 6.2. The endosymbiont hypothesis for the origin of
mitochondria. A respiring a-proteobacterium was acquired by a
nonrespiring host (the protoeukaryote) as an endosymbiont,
conferring the benefits of respiration (efficient metabolism). The
endosymbiont lost genes needed for independent growth and
transferred many other genes to the nucleus. A small mitochon-
drial genome (sometimes only a dozen genes) remains in the
organelle. A similar hypothesis would have chloroplasts derive
from cyanobacteria (blue-green algae). Both hypotheses are
considered proven (Gray and Doolittle 1982).

were indeed of independent bacterial origin (cyanobacteria
and a-proteobacteria, respectively), exhibiting phylogenies
clearly different from each other (Gray and Doolittle 1982).
More to the point, their phylogenies also differed from that
of the nuclear-gene-encoded SSU rRNA of cytoplasmic ribo-
somes—a marker for the evolutionary history of the proto-
eukaryotic host that first harbored the symbionts (fig. 6.2).
So this very important idea about cellular evolution was also
the first serious counterexample to the assumption that all
of an organism’s genes should have the same phylogeny.
Indeed, it was the fact that they don't that proved the endo-
symbiont hypothesis.

In the rest of this chapter I show that there are very
many other genes like this, genes that show different phy-
logenies from SSU rRNA and from each other (and have
nothing to do with the endosymbiont hypothesis). Within
the prokaryotic domains (Bacteria and Archaea), in particu-
lar, much coding DNA can be and demonstrably has been
exchanged across species, genus, phylum, or even domain
boundaries—so many genes, indeed, that the pattern of
relationships defined by SSU rRNA genes may not be ex-
hibited by the majority of the genes in any genome. For
prokaryotes, the appropriate model for typical relationships
between gene phylogenies might look more like B or C than
A'in figure 6.1. This is probably not so much a problem for
eukaryotes, especially complex multicellular ones, and [ will
confine myself to the topic assigned me, Bacteria and
Archaea. But because there seems to be so much gene shar-

ing between the two, my title might more appropriately have
been Bacteriandarchaea.

None of this necessarily means that Darwin was funda-
mentally wrong, or that the concept of a unique and uni-
versal organismal Tree of Life is passé, or that—if certain
assumptions hold—rRNA does not track this tree best. But
there is not a unique universal genomic tree, and we need to
develop more sophisticated (but also much more interest-
ing and exciting) ways of thinking about what we mean by
the Tree of Life.

Superbugs, Drugs, and Lateral Gene Transfer

The mid 1960s also saw the discovery of lateral gene trans-
fer (LGT), the process (or rather, collection of processes)
underlying microbial gene sharing. Infectious disease micro-
biologists, mostly in the United States and Japan, found that
the rapid rise of resistance to commonly (and often exces-
sively) used antibiotics among human pathogens (especially
in hospitals) was not due to the expected Darwinian mecha-
nism of random mutation followed by natural selection
(Falkow 1975). Instead, genes determining resistance to
antibiotics (by a variety of mechanisms) had been recruited
from preexisting natural reservoirs and were being passed
around among pathogens on small circular DNA molecules
(plasmids), themselves well adapted to spreading infectiously
between bacterial species (fig. 6.3). Selection is still involved—
pathogens receiving the resistance-conferring plasmids pro-
duce more progeny because they have them. So the process
is Darwinian. But it was not mutations occurring within genes
within species, but whole genes (or suites of genes) trans-
ferred across species boundaries, on which selection was
acting. Indeed, we now know that plasmids can carry sev-
eral different genes for resistance to several different kinds
of antibiotics simultaneously, and that special mechanisms
and genetic devices (insertion sequences, transposons, and
integrons, to give some names) have evolved to facilitate the
assembly and transmission of such genes (Bushman 2002).

We were also soon to learn that antibiotic resistance de-
terminants were not the only kinds of coding sequences that
plasmids could carry. Clusters of several genes involved in
the synthesis of unusual and inessential metabolites or the
degradation of unusual and rarely available substrates were
also exchanged in this way. Two Canadians (Sorin Sonea and
Maurice Panniset) and an Australian (Darryl Reanney) soon
constructed a bold if inchoate theory on this foundation
(Sonea and Panniset 1976, Reanney 1976). They asserted that
because of between-species gene transfer—mediated not only
by plasmids but also by bacterial viruses (phages) and
through cell-to-cell contact (conjugation) or DNA uptake
(transformation)—all bacteria might be viewed as one spe-
cies, responding to environmental challenges (over evolution-
ary time) as a single “global superorganism.” As I recall it,
these claims were widely dismissed during the 1970s and
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Figure 6.3. Bacterial antibiotic resistance genes found on
plasmids have been the major cause of the rise in drug-resistant
“superbugs.” Their spread is one form of LGT. Also, genes for
many functions related to pathogenicity are clustered in
transferrable regions of bacterial chromosomes.

1980s—they were so hopelessly radical! Most of the genes
then known to be transferred by plasmids could be viewed
as somehow “specialized” and, under most circumstances,
dispensable. Genes for core informational functions (repli-
cation, transcription, and translation) were not known to be
subject to LGT, nor were genes of basic and widely conserved
metabolic pathways. So LGT was seen as a genetic add-on,
not a fundamental evolutionary force. It might even have
appeared on the scene recently, as the microbes’ way of cop-
ing with human activity, namely, antibiotic use and the flood-
ing of microbial environments with many unusual pollutants,
some highly toxic but some of novel nutritional value (for
bacteria).

Pathogenicity (and Other) Islands

As we acquired the ability to characterize and especially to
sequence longer and longer stretches of DNA, however, we
could begin to see that still much more complex genetic
packages could be delivered across species boundaries by
LGT. And chromosome as well as plasmids could harbor the
transferred genes. In particular, pathogenic bacteria often
differ from harmless relatives by the possession of large func-
tionally specialized clusters, called pathogenicity islands,
some containing more than 100 genes (Hacker and Kaper
2000). These include virulence factors of many sorts, facili-
tating survival within, protection from, or attack on the host,
as well as genes promoting the islands’ transfer as units. Of-
ten, pathogenicity islands are inserted within a particular type
of chromosomal sequence (a gene for transfer RNA) and have
different compositional characteristics (relative composition
of G, C, A, and T) than the surrounding genes (fig. 6.3). Most
cogently, the genes of which they are composed may be found
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in very similar form in very distantly related bacterial (or even
archaeal) genomes, but not in the pathogen’s closest relatives.
Clearly, they have been transferred into the genomes in which
we find them, although we don’t generally know the trans-
fer mechanism. So, very complex and important (for bacte-
ria and for us) suites of biochemical/physiological/behavioral
characteristics can be acquired in “one fell swoop” by LGT.
And recently, we've come to realize that there are also “sym-
biosis islands” (promoting cooperation with hosts), “sapro-
phytic islands” (facilitating decay), and “ecological islands”
(metabolism in unusual circumstances).

Genomic Diversity: The Iceberg of Which
Phylotypic Diversity Is but the Tip

Still, resistance factors and complex multigene determinants
of interactions (benign or malign) with hosts and environ-
ments might be seen as “specialized.” Surely, they constitute
no serious threat to our understandings of the evolutionary
histories of the everyday genes comprising the bulk of most
genomes, or to our ability to reconstruct the universal tree
using a nontransferrable marker, like SSU rRNA.
Genomics and, in particular, the appearance of complete
bacterial and archaeal genomic sequences now call even this
view into question. More than 100 such sequences will soon
be publicly available, and these will demolish the notion that
genomes in general contain just a few genes (or gene clus-
ters) of foreign origin, and these only for specialized func-
tions. Particularly striking are the comparisons that can be
drawn between different isolates of the very same bacterial
species. Consider for instance Escherichia coli, the laboratory
workhorse of molecular biologists and biotechnologists for
the last five decades. The complete genome sequence of K12,
their favorite strain, was reported in 1997 (Blattner et al.
1997). Many of its 4405 genes were already familiar from
genetic experiments or piecemeal gene sequencing studies.
The community therefore thought that it had this species
under wraps, genomically—until four years later, when the
genome of another E. coli isolate, O157:H7, was completed
(Pernaet al. 2001) This is the strain that first attracted popu-
lar attention in 1993 through the death of three young cus-
tomers of a fast-food restaurant in California, and two years
ago killed seven drinking from contaminated wells in
Ontario. The sequencing showed that it has 1387 genes that
K12 doesn’t have, whereas K12 itself has 528 genes not found
in O157:H7—numbers corresponding to 26% of the genome
of O157 and 12% of K12’s. Many of these differences can
only be explained by LGT, verifiable through similarity to
homologous genes in evolutionarily distant bacteria (or even
archaea) and, most persuasively, through the construction
of phylogenetic trees for each gene. These many differences
are also clearly the consequence of many different LGT
events, not just the acquisition of a few large pathogenicity
islands. In fact there are 177 physically separated “O islands”
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(genes or gene clusters present in O157 but not K12) and about
234 “Kislands.” Although many of the strain-specific genes of
O157:H7 are likely to be specialized determinants of virulence,
many are not. They encode seemingly pedestrian microbial
functions (e.g., carbohydrate transfer, glutamate fermentation,
or aromatic compound degradation).

Preliminary data for other E. coli strains show the O157:H7
versus K12 difference to be typical, not aberrant. Similar stud-
ies based on similar information on other pathogens produce
similar results. Strains of the same “species” often differ from
each other by up to 25% in gene content. Simple logic (with
the assumption that, on average, bacterial genomes are get-
ting neither larger nor smaller) dictates that about half of this
difference can be attributed to acquisition of new genes by one
or the other strain, after their joint separation from a common
ancestor. (The other half could be explained by loss, from one
or the other strain, of genes present in that ancestor.)

We know about genomic variability in pathogens because
it is easy to obtain funding to study the biology of pathogens.
Data on nonpathogens are scant. Recently Camilla Nesbg in
my lab, with Karen Nelson at The Institute for Genomic
Research, has been looking at genomic diversity within
Thermotoga maritima, a nonpathogen par excellence. This
hyperthermophilic bacterium grows best at 80°C and was
isolated from the seafloor in a geothermal area near Vulcano,
Italy. Preliminary data suggest that here, too, there will be
something like 20% variability in gene content, between oth-
erwise very similar isolates. If this turns out to be generally
true for “environmental microbes” (including Archaea), then
we cannot explain away within-species genomic variation as
a by-product of intense host—parasite warfare: we must ac-
ceptitas a fact of prokaryotic life. We must also accept, then,
that the microbial world is even more wildly diverse than those
who use “phylotyping” (amplification and sequencing of SSU
rRNA genes from environmental DNA samples; see Pace,
ch. 51n this vol.) have already told us. Such studies have re-
vealed, through a plethora of new twigs on the branches of
the SSU rRNA tree, a hitherto unimaginable diversity of rela-
tives of known groups. They have also led to the discovery of
completely new groups, without previously known relatives.
For each isolate identified by a single SSU rRNA sequence
(“phylotype”), however, there may now be many more ge-
nomic variants, differing in their content of truly different
(nonhomologous) genes by more than, say, the genomes of all
the animals. (Animals do, of, course vary in gene content, but
through duplication and functional divergence of genes they
already have, or through gene loss—scarcely ever through
the introduction of genuinely novel genes by LGT.)

How Much Exchange over Life’'s Whole History?
There is no easy way to know how old any bacterial species

is, or (which is almost the same question) how long strains
within a species have been diverging—and surely there is no

uniform age. Howard Ochman and Isaac Jones estimate that
various E. coli strains began to diverge about 25-40 Myr
(million years) ago, based on an often quoted but largely
unverified estimate of the divergence of Escherichia from
Salmonella at 100-150 Myr ago (Ochman and Jones 2000).
In contrast, Yersinia pestis, the cause of plague, may be only
a few thousand years old (Achtman et al. 1999)! But how-
ever ancient bacterial species in general may be, their ages
will be dwarfed by that of life itself. So, if 10-20% of a ge-
nome can “turn over” because of LGT and gene loss within
(generously) 100 Myr, what fraction would we expect to have
been affected by LGT over 3.8 billion years? No one thinks
that all genes are equally exchangeable, but still it is reason-
able to ask what fraction of any contemporary genomes’ genes
has been affected by LGT. There are several ways one might
try to do this.

Ochman and Jeff Lawrence look at basic compositional
features of genes, in particular, the relative frequencies of A,
T, G, and C and the choice among alternative codings for the
same amino acids (Ochman et al. 2000). Prokaryotic species
differ significantly in these parameters, which tend to be simi-
lar within a genome. Thus, a recently transferred gene might
“stick out like a sore thumb” from the surrounding long-term
residents. (With time—perhaps a few hundred million
years—genome-specific mutational and selectional pressures
will attenuate and ultimately erase the differences.) With
analyses based on these premises, Ochman and collabora-
tors find foreign gene contents from 0.0% (for Mycoplasma
genitalium or Rickettsia prowazecki, intracellular human para-
sites) to 16.6% for the cyanobacterium Synechocystis, with
E. coli boasting 12.8% transfers.

Eugene Koonin and his colleagues employ a completely
different method (called BLAST) that makes all possible
pairwise comparisons between each of a genome’s genes and
all homologous genes in other genomes (or the larger data-
bases), and calculates sequence similarity (Koonin et al.
2001). Genes that have greatest sequence similarity to genes
in species that are distant on the TRNA tree (rather than to
genes in species that are close) are likely transfers. The most
easily detected transfers would be those involving the great-
est distances: genes in an archaeal genome that are most
similar to homologs in the bacterial domain, and vice versa.
Koonin finds up 15.6% interdomain transfer (for an
archaean, Halobacterium salinarum). Rumor in the field now
has it that similar analyses will show that one-third of the
genes in the yet-to-be-published genome sequence of the
methane-producing archaean Methanosarcina mazei are of
bacterial provenance—an astonishing result!

The third and best way to assess a genome’s origins is to
construct phylogenetic trees for each of its genes, by state-
of-the-art methods. For many individual genes, compelling
cases can be developed. My favorite example is the gene for
HMGCoA reductase (3-hydroxy-3-methylglutaryl coenzyme
A reductase), a key enzyme in the synthesis of isoprenoid
compounds (sterols, e.g.) in all three domains (and the tar-



get of the statins that many people take to reduce endogenous
cholesterol synthesis). Our attention was first drawn to
HMGCoA reductase because BLAST analyses showed that the
version of this gene in Archaeoglobus fulgidis (a hyperthermo-
philc archaean sometimes found in undersea oil wells) was
very like homologous genes in bacteria and unlike the ver-
sions found in other Archaea. In fact, most Archaea have an
HMGCoA reductase very similar to that of eukaryotes, so for
them statins are antibiotics! A tree prepared by Yan Boucher
for HMGCoA reductases (fig. 6.4) not only confirmed this
result but identified other transfers—Bacteria to Giardia
intestinalis (a single-celled pathogenic eukaryote), Archaea to
Vibrio cholerae (a bacterial pathogen), and Archaea to Strep-
tomyces species (bacteria that produce antibacterial antibiot-
ics). Gene-by-gene analyses are time consuming, because
human judgment is still often required. Less reliable but very
rapid programs for preparing, by simple automatic methods,
all the trees for all the genes in a genome are being devel-
oped. That of Thomas Sicheritz-Ponten and Siv Andersson
shows, not unlike Koonin’s BLAST studies, interdomain
(Bacteria to Archaea or Archaea to Bacteria) transfers
amounting to up to about 20% of a genome (Sicheritz-
Ponten and Andersson 2001).

Is this about the limit? Are 70-80% of most genomes well
behaved in the long-term evolutionary sense, as well as the
short? Probably not. Foreign gene estimates are all likely
to be underestimates. Ochman’s analyses, for instance, can
only look back a few hundred million years. Koonin’s and
Sicheritz-Ponten’s results described interdomain transfers
(Bacteria to Archaea or vice versa). Because Bacteria and
Archaea have dissimilar gene expression machinery and con-
trol signals, genes transferred between them should often be
poorly read. Harder to detect, intradomain transfers should
be much more frequent.

Hunting Down the Core

There is another way to skin this cat. Instead of asking what
fraction of genes in a given genome have clearly different his-
tories than the majority (or than SSU rRNA), we can ask if
we can find, by comparing all genomes, a stable core of shared
genes (fig. 6.1B) that have the same history. There is a gen-
eral belief that such a core should exist, based on a hypoth-
esis and an observation.

The hypothesis, first articulated by Woese when he de-
cided to settle on SSU rRNA as a “universal molecular chro-
nometer,” has come to be called the “complexity hypothesis”
(Jain et al. 1999). The idea is simple: genes whose protein
(or RNA) products must interact in the cell will coevolve.
Mutations that affect the structure of one gene product (call
it A) will be compensated by mutations that affect another,
interacting, gene product (B) in a compensatory way, so that
the essential interactions between A and B are preserved
throughout the evolutionary history of a species or lineage.
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Meanwhile, in another, related lineage, the homologous gene
products A'and B' will also be coevolving, but likely along a
somewhat different path. If the B gene of the first lineage were
replaced by the B'> of the second lineage, there might be
problems: the A gene product might not interact as effectively
with the B' product (and similarly, A' might not be effective
with B). This seems a very reasonable conjecture, and the
corollary—that genes involved in even more complex inter-
actions (A + B+ C+ D + E .. .) should be very hard to ex-
change for homologous genes in different lineages, without
detriment to growth—seems inescapable.

SSU rRNA is the central part of an enormously complex
structure, the ribosome. This factory for translation (the RNA
— protein part of DNA — RNA — protein) also requires two
other RNAs and more than 50 proteins, in order to do its
vital and always essential job. The complexity hypothesis
would predict that the genes encoding these RNAs and pro-
teins could not be transferred across even very short evolu-
tionary distances. Similarly, the various genes encoding the
machineries of transcription (DNA — RNA) and replication
(copying of DNA) should be hard to transfer. Certainly, it is
the case that the genes identified as foreign in individual
sequenced bacterial or archaeal genomes are seldom genes
of these informational classes. But there are now several re-
liable reports of transfer of “informational genes,” especially
those involved in translation and (in a few cases) SSU rRNA
itself (Yap et al. 1999)!

The observation on which confidence in a stable core rests
is what some of us call “coherence.” Many individual genes,
when known from a sufficient number of species, do re-create
the same major groups—Archaea (and within them eury-
archaeotes and crenarchaeotes) or Bacteria (and within them
the known bacterial phyla, such as cyanobacteria, a-, - and
y-proteobacteria and so forth). There is no published sys-
tematic survey that says how many “many” is, however, or
that compares a large number of well-resolved trees for con-
gruence of topology. And few genes agree on branching order
of bacterial phyla (even though they do distinguish Bacteria
and Archaea). Pace (ch. 5 in this vol.) suggests that the poor
resolution at the base of the bacteria bespeaks a rapid radia-
tion some 3.5 billion years ago, perhaps caused by a key in-
novation. This is one explanation but not the only.

Surely the most rigorous test of the stable core idea would
be to compare all bacterial and archaeal genomes, distill out
the set of genes of which all genomes have a copy, make trees,
and tally up how many subscribe to which topology. Efforts
to do this have failed: there are very few genes shared by all
genomes (even all bacterial or all archaeal genomes)—per-
haps 50 or fewer (Teichman and Mitchison 1999). Few of
these genes give statistically robust trees, so we simply can-
not say whether their topologies are congruent or not. The
assumption that there might be a stable core of genes for all
prokaryotes is not disproved by this, but neither is it proven:
it remains a hypothesis. In an effort to test the stable core
idea on a more limited basis, we looked at the core of genes
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shared by four sequenced eukarychaeotes, asking if these all
produced the same tree (Nesbg et al. 2001). Several hundred
genes could be looked at and, because there are only three
unrooted phylogenetic trees for four taxa, easily scored for
agreement or disagreement. It turns out that each of the three
possible trees is significantly represented among the 263
shared genes we looked at. In other words, although there is
a core of genes shared by the four genomes, it does not seem
to be a stable core. The shared genes often appear to have
different phylogenetic histories. This could mean that genes
are not infrequently replaced by homologous but possibly
quite different versions of themselves, transferred in across
species lines.

Soitis not possible to prove that there is any sizable stable
core, even within a relatively restricted group such as the
euryarchaeotes. Hervé Philippe and collaborators have tried
another approach (Brochier et al. 2002). Individual trees
constructed for 57 translational proteins shared by 45 bac-
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terial species mostly disagree, as expected: there is too much
noise and too little phylogenetic signal. But if they strung
all gene sequences together to obtain one concatenated se-
quence, then a statistically robust tree could be obtained, and
44 of the 57 genes did not significantly contradict this re-
sult. (The 13 others showed significant evidence for trans-
fer.) So perhaps these comprise a true core for all of Bacteria.
But 44 is but a few percent of the number of genes in a typi-
cal bacterial genome. And when Brown and collaborators
(2001) included members of Archaea in a similar study, they
were obliged to reduce the apparent stable core even further,
to only 14 genes. Woese may be correct in asserting, “An
organismal genealogical trace of some kind does seem to exist
... but that trace is carried clearly almost exclusively in the
componentry of the cellular information processing systems”
(Woese 2000:8393). However, when it comes to prokary-
otes, and the deepest branches of the universal tree, proving
even this modest claim is surprisingly difficult!



Other Models

Absence of evidence is not evidence of absence. A conserva-
tive summary of what I've said so far is that the existence of
a stable core is hard to prove. The signal-to-noise ratio in the
data we need to decide about events occurring three and
more billion years ago is too low, and our methods are still
too crude. “Hard to prove” is not “disproven.” But all parties
to the debate now accept that the core of genes that has been
stably associated in all prokaryotic genomes since the first
genome is far smaller than we used to think. And, just maybe,
there might be no such core.

What if there weren’t? Could there be some other model
than those depicted in figure 6.1, A and B, to explain the
undeniable fact that we can classify bacteria and archaea into
groups that have many shared defining features—that the
entire edifice of Linnaean hierarchical classification has been
more or less successfully imposed on microbial systematics?
Jeff Lawrence, Peter Gogarten, and I have been working on
such a model, which is still in the verbal stages (no formal
mathematics) and has as yet no fixed name (Gogarten et al.
2002). Here I call it the model of the “shifting core” or, al-
ternatively, the model of “nested gene pools.” In fact, it’s
not much different from what Woese himself now believes
(Woese 2000), although we would probably disagree on the
values of its parameters.

Imagine that all genes are potentially exchangeable but
that the frequency or likelihood of exchange varies tremen-
dously. Many factors would affect this. Complexity of inter-
actions of the gene’s product, and whether or not it was
genetically linked (and so could be co-transferred) with other
interacting genes would be important factors, related to the
genes themselves. So would essentiality: genes that must al-
ways be present can only be replaced through an intermedi-
ate stage in which both the originally resident and the incoming
foreign gene are found in the same genome. (Such intermedi-
ates are well known.) Biochemistry of the donor and recipi-
ent organism would be a key determinant. Transferred genes
for various components of the photosynthetic apparatus are
only likely to be of any use to species that already do photo-
synthesis. If of no use, transferred genes will soon be lost and
we will never know that a transfer occurred. Similarly, the
differences in gene expression systems between Bacteria and
Archaea must reduce the frequency of successfully fixed
transfers between them. Environmental niche matters, too:
genes from thermophiles make proteins that work best in
other thermophiles. Finally, donors and recipients must be
found in close proximity in nature, and physical and genetic
mechanisms to pass DNA between them (including “acciden-
tal” mechanisms) must exist.

Imagine that we ourselves create hundreds of different
bacterial species, with genes and genomes made from
scratch by machine, and then set them up in various niches
and allow them to transfer genes according to such rules.
Although there would initially have been no deep “phylo-
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genetic” relationships between these human-made species
or their genes, patterns of shared genes and similarities in
sequences would eventually emerge, because of recurring
transfers at different frequencies. In other words, LGT it-
self can create and maintain the patterns we seek to explain
by the model depicted in figure 6.1A, but the underlying
process would be as shown in figure 6.1C. According to
this model, organisms that exchange genes most frequently
would comprise “species.” Different species whose organ-
isms share genes somewhat less frequently would comprise
genera, and so on up the Linnaean ladder. Bacteria are co-
herent as a domain because they more frequently exchange
genes with other bacteria than with members of Archaea
(and vice versa), but still, interdomain transfer does occa-
sionally happen.

This model may not be correct in its extreme form (no
stable core at all), but something like it must apply in the
long run to most of the genes that make up prokaryotic ge-
nomes. In the short run (corresponding to the divergence of
strains in a species or species in a genus, perhaps), it may
most accurately describe only the 20% of a genome’s worth
of genes that are found in some genomes but not others.
[However, recombination within genes—which I have not
discussed—may have a similarly confounding effect, at this
level (see Maynard Smith et al. 2000).]

The One True Tree

Darwin did describe the relationships of all organisms as a
tree and thought that the patterns of similarities and differ-
ences between all contemporary species could be explained
as the result of successive bifurcative speciation events, going
back to one, or just a few first living things. If we had a vid-
eotape of all that (and 3.8 billion years to sit down and watch
it!), we could trace all the bifurcations, and that tracing would
be the universal Tree of Life. But there is no video, so we have
been trying to reconstruct these bifurcations by comparing
the sequences of genes, initially on the assumption that any
gene would in principle do, but more recently with the be-
lief that only some genes will tell the true story. But even if
none do, and figure 6.1C shows how genomes truly evolve,
the situation need not be seen as hopeless. Some kind of
consensus of the phylogenies of all genes of all genomes,
weighted perhaps in favor of those least frequently trans-
ferred, might still have a good chance of recreating the pattern
of speciation events recorded on our imaginary videotape.
We don’t yet know how best to make such consensus phy-
logenies. Some investigators want to call them “genome phy-
logenies,” a misleading term, I believe. Frequent LGT does
not mean there is no single true universal Tree of Life for
organisms, only that reconstructing this tree has become
more problematic. But frequent LGT does mean that there
is no single true universal tree of genomes, because these are
made up of parts that have different phylogenies!
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Cold Comfort to Creationism

Advocates of Biblical interpretations of life’s history and pro-
ponents of “intelligent design” like to cite disagreement
within the evolutionary community and, in particular, claims
to have “overthrown Darwin” as support for their views.
Therefore, early publications asserting that evidence for ex-
tensive LGT was “uprooting the Tree of Life” have found
popularity with them. Perhaps some of us (especially me)
were not careful enough in stating that what was being up-
rooted was the tree of genomes. Our acceptance of the video
version of the organismal tree remains steadfast, regardless
of problems in constructing it.

Even so, there is a challenge to Darwinism, as it has itself
evolved over the last century. Darwinists (more properly,
neo-Darwinists) see adaptation happening as the result of
selection among mutations that have arisen in genes within
populations of species, and speciation as most commonly the
result of divergent (and ultimately incompatible) adaptations
being fixed in different populations. Explicitly or implicitly,
figure 6.1A is the model of genome evolution most compat-
ible with this neo-Darwinian view. This, I assert, is what
Darwin himself would have expected, had he lived to see the
centenary of the publication of The Origin of Species. If adap-
tations are instead often due to acquisition of genes from
different species, then figure 6.1C might the more relevant
model. I'd hope that Darwin, had he hung on for still an-
other half century, would have found this at least amusing
and recognized the profound difference.

In any case, what does it matter what Darwin would think?
Evolutionary biologists are committed to materalistic,
nonsupernatural explanations of the patterns of similarity and
difference we see in the living world, not to the correctness of
Darwin’s own particular explanations. If we substitute one
materalistic, nonsupernatural explanation for another, this is
a sign of paradigmatic health, not weakness. Sometimes I think
we ourselves forget this, and defend Darwin and neo-Darwin-
ism (and, indeed, the gene-based Tree of Life) as if they were
received truth, not provisional interpretations of a fascinatingly
complex world. We should stop doing that!
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Hervé Philippe

The Origin and Radiation of Eucaryotes

The inference of the universal Tree of Life has been a major
quest in biology since the publication of the theory of evolu-
tion by Charles Darwin in 1859 (Darwin 1859). The first at-
tempt was done by Haeckel seven years later (Haeckel 1866).
Yet, although this early phylogeny still appears reasonable,
progress toward the resolution of the universal tree remained
elusive for decades. This was in part because of the lack of rig-
orous method (the famous “art” of taxonomy) but was greatly
resolved by the German entomologist Willy Hennig through
the development of the so-called cladistic method (Hennig
1966). Indeed, the main difficulty was the scarcity of morpho-
logical characters (sensu lato, e.g., including ultrastructural or
biochemical). The best example of this difficulty is provided
by the study of prokaryotes. After many years of trials, Stanier
and Van Niel were forced to conclude that “any systematic
attempt to construct a detailed scheme of natural relationships
becomes the purest speculation . . . the ultimate scientific goal
of biological classification cannot be achieved in the case of
bacteria” (Van Niel 1955:5). Similar difficulties, albeit to a lesser
extent, were encountered for the phylogeny of unicellular
eucaryotes (protists; Taylor 1978).

The discovery that molecular data (protein, and later,
DNA sequences) contained information about the history of
the organisms harboring them has revolutionized the field
of phylogeny (Zuckerkandl and Pauling 1965). Until the
1980s, sequencing remained a limiting factor and reduced
the impact of molecular phylogeny. Only the study of ribo-
somal RNA (rRNA), first through oligonucleotide catalogs

and then through sequencing, allowed the construction of
the universal Tree of Life (Woese 1987, Woese and Fox
1977). The main achievement was the proposal that prokary-
otes should be divided into two groups, called domains, the
Bacteria (Eubacteria) and the Archaea (Archaebacteria). A
short time later, following the suggestion of Schwartz and
Dayhoff (1978), two groups located the root of the univer-
sal Tree of Life through the use of anciently duplicated genes
[i.e., elongation factors (Iwabe et al. 1989) and ATPases
(Gogarten et al. 1989)]. The root fell within the bacterial
branch, making Archaea and Eucarya sister groups, render-
ing the prokaryotes paraphyletic. Quite surprising, the quest
for the universal Tree of Life, which has been very elusive
for more than a century, was considered as generally solved
thanks to the molecular phylogenetic studies of the 1980s.
In 1990, a rooted universal tree was published (Woese et al.
1990), and since then it has generally been used as the refer-
ence tree in textbooks and review papers.

The fact that scientists consider this question as fairly
solved is very peculiar. Indeed, microbiologists have shown
that the majority of biochemical, physiological, or morpho-
logical characters each tell a different story about the rela-
tionships among prokaryotes (Van Niel 1955). This is to be
expected for organisms that evolved over billions of years,
given it is also true for organisms that diversified much more
recently (e.g., mammals, birds, or angiosperms). The use of
molecular data clearly allowed systematists to increase the
number of informative characters, but not to avoid the in-
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herent difficulty of inferring ancient events. The first molecu-
lar phylogenies, which are often quoted for showing the ef-
ficiency of the method, contain serious and indisputable
errors. I will discuss only the most famous example: the
phylogeny of eucaryotes based on cytochrome c (Fitch and
Margoliash 1967). In this tree, primates emerge at the base
of the mammals, well before the marsupials, and snakes at
the base of amniotes, far from their generally accepted po-
sition (diapsids, represented by turtle and birds). Thus,
despite the known theoretical and practical difficulties of
inferring the universal Tree of Life, a phylogeny based on very
few data (mainly 1000 positions for rRNA) was perceived as
an accurate estimate.

At least three major problems have recently challenged
this universal tree. First, the discovery of many uncultured
organisms through molecular ecology techniques has gen-
erated many new phyla, especially in prokaryotes (see Pace,
ch. 5in thisvol.). Second, lateral gene transfer (LGT) between
distantly related organisms has been revealed as a much more
common phenomenon than previously thought (Koonin
et al. 2001). Even if one can demonstrate that tens of genes
share the same historical pattern within Bacteria (Brochier
et al. 2002) and Archaea (Matte-Tailliez et al. 2002), LGT
raises serious questions about our view of prokaryotic evo-
lution (see Doolittle, ch. 6 in this vol.). Third, the impact of
tree reconstruction artifacts is not negligible, and in this chap-
ter I focus on this problem. After a brief overview of the Tree
of Life based on rRNA (Woese et al. 1990), I discuss the most
frequent artifacts and provide a brief explanation of their
causes. Then, I will detail the case of the bacterial phylogeny
based on rRNA. This will allow pinpointing the sections of
the current universal Tree of Life that are likely incorrect.
After summarizing recent progress toward their resolution,
I present my personal view of the universal Tree of Life and
its implication for the origin of eucaryotes.

The rRNA Tree

The rRNA tree (fig. 7.1) is so well known that [ will only
discuss a few points. The advantages of rRNA as a universal
marker are enormous (Woese 1987): (1) universality, (2)
large size (a few thousand nucleotides), (3) high degree of
conservation, and (4) extremely low probability of being af-
fected by LGT. These advantages were empirically confirmed
because clades well established through morphological analysis
(e.g., spirochaetes, cyanobacteria, animals, red algae, ciliates)
were recovered with rRNA. Moreover, rRNA phylogenies also
disclosed a number of assemblages that are not expected, based
on previous morphological analysis. For example, an en-
semble containing the morphologically very diverse ciliates,
dinoflagellates, and apicomplexans emerged (Gajadhar et al.
1991). Indeed, when looking for a derived morphological
character that may be shared by these three phyla, the only
one that emerged was the presence of submembranar vesicles,

closely apposed to the plasma membrane and known as al-
veoli in ciliates. Some very curious eucaryotic organisms
were unambiguously located within well-known clades
[e.g., Pneumocystis within Fungi (Edman et al. 1988), Di-
entamoeba within trichomonads (Silberman et al. 1996a),
Blastocystis within stramenopiles (Silberman et al. 1996)]. Let
me discuss now the phylogenetic pattern related to the early
evolution of eucaryotes.

The location of the root between Bacteria and a clade
containing Archaea and Eucarya, which is based on the analy-
sis of a few anciently duplicated genes (Brown and Doolittle
1997), has profound implications about the nature of the
“last universal common ancestor” (LUCA). The most parsi-
monious interpretation is that LUCA was a prokaryote-like
organism, because a eucaryote-like LUCA implies two ma-
jor transitions from eucaryotes to prokaryotes, one to Bacte-
ria, the other to Archaea. It should nevertheless be noted that,
because of the RNA-world hypothesis, this possibility has
been envisioned (Poole et al. 1999). The RNA-world hypoth-
esis predicts a biota antecedent to our own that used an RNA-
like molecule for a variety of tasks today performed by RNA,
DNA, and proteins together (Yarus 2002). This hypothesis
is widely accepted as a probable stage in the early evolution
of life. Accordingly, proteins have gradually replaced RNA
as the main biological catalysts. Therefore, the numerous
RNA-based mechanisms of eucaryotes would be remnants
of the RNA world, suggesting that prokaryotes derived from
a eucaryotic-like organism (Poole et al. 1999). According to
the tree in figure 7.1, LUCA was a prokaryote-like organism
and had a circular chromosome with a single origin of repli-
cation, and many genes organized with operons. Yet, con-
trary to a frequent belief (e.g., Gupta and Singh 1994, Martin
and Muller 1998, Slesarev et al. 1998), nothing can be said
about the machinery of replication, transcription, and trans-
lation. It is clear that this machinery is more similar between
Archaea and Eucarya. However, even with a root in the bac-
terial branch, the ancestral state can be equally parsimoni-
ously similar to the bacterial one or to the eucaryotic one. In
both cases, a transition from one type to another is required.
Thus, the similarity between Archaea and Eucarya for the
informational genes cannot be considered as a synapomorphy
supporting the monophyly of this clade.

A second point is that, in the bacterial portion of the tree
(fig. 7.1), the first two lineages to emerge are the Aquificales
and the Thermotogales (Burggraf et al. 1992, Woese 1987).
Because these two phyla mainly contain hyperthermophilic
organisms (e.g., Aquifex and Thermotoga), and because most
of the basal lineages within Archaea are also hyperthemo-
philic, the most parsimonious explanation is that LUCA was
a hyperthermophilic organism (Stetter 1996). This implies
that adaptation to life at low temperatures (below 60°C)
occurred many times independently. In particular, in classi-
cal scenarios of eucaryotic origin, the archaeal lineage at the
origin of eucaryotic cells must have become mesophilic.
Moreover, the hyperthermophilic nature of LUCA led to the
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hypothesis of a hyperthermophilic origin of life, most likely
in hydrothermal ecosystems (Nisbet and Sleep 2001, Pace
1991, Reysenbach and Shock 2002, Russell and Hall 1997,
Stetter 1996, Woese 1987). Although elongation of oligopep-
tides (Imai et al. 1999) and synthesis of amino acids (Amend
and Shock 1998) are favored at high temperature, the deg-
radation of RNA at such temperature argues against a hot
origin of life if one accepts the RNA-world hypothesis (Levy
and Miller 1998, Moulton et al. 2000).

Finally, within eucaryotes, the first three lineages to
emerge (diplomonads, microsporidia, and trichomonads)
are all devoid of mitochondria (Sogin 1991). This seems to
strongly confirm the Archezoa hypothesis (Cavalier-Smith
1987) that these three lineages are primitively devoid of
mitochondria and that the mitochondrial endosymbiosis
from an a-proteobacteria occurred relatively late during
eucaryotic evolution, after the emergence of these three
groups. However, the discovery of genes of mitochondrial
origin (e.g., those encoding cpn60, HSP70, and Val-tRNA
synthetase) in all the amitochondriate organisms in which
they have been looked for (e.g., Entamoeba, Trichomonas,
Nosema, Encephalitozoon, Giardia, Neocallimastix) suggests a
secondary loss of mitochondria (for a review, see Embley and
Hirt 1998). In Entamoeba, trichomonads, and microsporidia,
several such genes have been found, and their products have
been shown to be located in a double-bound organelle
(hydrogenosome and mitosome/crypton; Bui et al. 1996, Mai
etal. 1999, Tovaret al. 1999, Williams et al. 2002). Similarly,
the diplomonad Giardia intestinalis has specialized mem-
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modified from Stetter (1996).
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branes with electron transport and membrane-potential-
generating functions (Lloyd et al. 2002). This further indi-
cates that these organisms have lost their mitochondria. Yet,
at least one gene, Val-tRNA synthetase, which was first be-
lieved to be of mitochondrial origin (Hashimoto et al. 1998),
has probably been acquired by LGT from <y-proteobacteria
(Gribaldo and Philippe 2002). This is not unexpected be-
cause LGTs are frequent, especially for amitochondriate eu-
caryotes (Andersson et al. 2003). Because only a few genes of
mitochondrial origin were found in the genome of a micro-
sporidia (Encephalitozoon cuniculi; Katinka et al. 2001) and of
adiplomonad (Giardia lamblia; McArthur et al. 2000), it is not
impossible that these genes have also been acquired by LGT
from other eucaryotes (Sogin 1997), and therefore it is not
possible on these grounds to completely reject the hypoth-
esis that at least some of the amitochondriate eucaryotes
never did harbor a mitochondrion.

Tree Reconstruction Artifacts

The information that is used to infer molecular phylogeny
consists of the mutations that have been fixed in an ances-
tral species, which are called substitutions. If, for a given
position, a substitution occurred only once over the phylo-
genetic tree under study, then an unambiguous signal would
be provided: a partition of the species into the ones possess-
ing a given new character state (e.g., a change to A) and the
ones possessing the alternative primitive state (e.g., G) would



98 The Origin and Radiation of Life on Earth

provide support for one node on the phylogeny. If many
characters of this type are available, they will define many
different compatible partitions that will allow inferring the
correct phylogenetic tree. Unfortunately, in real sequences,
such perfect characters with a single substitution are ex-
tremely rare, and almost all base positions have undergone
many more than one substitution. If, for example, a base
position has undergone 25 substitutions across a tree con-
necting 50 species, the taxon partitions suggested by the
sharing of the various nucleotides will almost certainly be at
odds with the correct phylogeny. This base position, there-
fore, has evolved too fast for the phylogeny under study and
will contribute more noise than signal (such a position is said
to be saturated).

In practice, an alignment of homologous sequences con-
tains a mixture of slow- and fast-evolving positions (the situ-
ation is indeed more complicated because of heterotachy; see
below). If there were no bias, fast-evolving positions will
contribute random noise that will not favor any specific
phylogeny, and the correct phylogeny will be inferred pri-
marily on the basis of the slow-evolving positions. Unfortu-
nately, several biases exist that can confound phylogenetic
inference. The easiest biases to understand are those of nucle-
otide or amino acid composition. Assume that two lineages
increased the G+C (guanosine + cytosine) content of their
sequences independently. In that case, the noise contributed
by fast-evolving positions will not be random but will favor
the grouping of two G+C-rich lineages (Hasegawa and
Hashimoto 1993, Lockhart et al. 1992). Another very impor-
tant bias is the existence of unequal evolutionary rate among
lineages. In the case of four species in which two are slowly
evolving and two are fast evolving, the noise will favor the
grouping of the two slowly evolving lineages because they
share many ancestral characters. As a result, the two fast-
evolving species will be grouped together, a phenomenon
called the long-branch attraction (LBA) artifact (Felsenstein
1978).

These problems are known since the beginning of mo-
lecular phylogeny, and many attempts have been made to
develop methods of inference less sensitive to nonrandom
bias (for a review, see Swofford et al. 1996). To deal with the
noise created by fast-evolving positions, it is necessary to have
a model of sequence evolution as realistic as possible in or-
der to infer the existence of multiple substitutions. Starting
from the very simple model of Jukes and Cantor (1969),
researchers have developed very complex models such as the
general time-reversible model (Waddell and Steel 1997) or
the I' model that deals with among-site rate variation (Yang
1996). Other models that are not reversible have been imple-
mented, particularly to avoid the bias due to nucleotide com-
position (Galtier and Gouy 1998). Nevertheless, even the
most complex model is far from biological reality. One of the
most important phenomena that is just beginning to be con-
sidered (Galtier 2001, Huelsenbeck 2002, Penny et al. 2001)
is heterotachy, the variation of evolutionary rate of a given

position over time (i.e., fast in one part of the tree and slow
in another one). Many studies have shown that this phe-
nomenon is quite common (Galtier 2001, Huelsenbeck
2002, Lockhart et al. 2000, Lopez et al. 1999, Miyamoto
and Fitch 1995, Penny et al. 2001); for example, up to 95%
of the variable positions cytochrome b are heterotachous
for a sample of ~2000 vertebrate sequences (Lopez et al.
2002). Heterotachy can increase the impact of LBA artifacts
when two fast-evolving lineages display a higher number
of variable positions (Germot and Philippe 1999). In fact,
when a distant outgroup is used, the fast-evolving species
and the outgroup have long branches that often attract each
other. This leads to a very simple principle: early-emerging
lineages are often fast-evolving ones misplaced by the LBA
artifact. On the universal tree based on rRNA, all the basal
branches (indicated in bold in fig. 7.1) are thus potentially
erroneous.

The Case of the Bacterial Phylogeny
Based on rRNA

The first two lineages to emerge in eubacterial phylogeny
(Aquificales and Thermotogales) display rather short
branches and for this reason are generally assumed to not be
misplaced because of LBA (Burggraf et al. 1992, Stetter 1996).
We recently reanalyzed the rRNA based phylogeny of Bacte-
ria using a large data set, 95 species and 1147 positions
(Brochier and Philippe 2002). If one examines the distribu-
tion of the number of substitutions per site (solid bars in
fig. 7.2), it appears that most of the changes are contributed
by fast-evolving positions. More precisely, there are many
slowly evolving positions (e.g., 373 without changes, 154
with a single substitution) and relatively few fast-evolving
positions (e.g., only 154 positions with more than 16 sub-
stitutions). This distribution of the observed substitutions
is expected when the substitution rate is distributed accord-
ing to al” law with a low a parameter (0.4 here). However,
the point that is rarely discussed is the relative contributions
of the slowly and fast-evolving positions to tree selection.
Within a parsimony framework, the criterion to select the
best phylogeny is the minimum total number of steps. Yet,
as shown by the shaded bars in figure 7.2, the importance
of slow- and fast-evolving sites is completely the reverse of
the distribution of these sites. In fact, the slowly evolving sites
(fewer than five changes) contribute very few of the total
number of changes (~900 steps), whereas the fast-evolving
ones are the major contributors (~3800 steps). As a result,
the fast-evolving sites are the most influent in the selection
of the tree topology, whereas the slowly evolving ones con-
tain the most reliable signal.

To investigate this fundamental issue of molecular phy-
logeny, we used the Slow-Fast (SF) method (Brinkmann and
Philippe 1999), which evaluates the evolutionary rate of
positions in terms of the sum of the number of steps in pre-
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Figure 7.2. Distribution of the number of substitutions per
position for the rRNA of 95 prokaryotic species (solid bars). The
number of substitutions brought by each class of positions is
indicated by the shaded bars.

defined monophyletic groups (here, the bacterial phyla) and
thus allows study of the phylogenetic relationships among
these groups. Interestingly, the first bacteria to emerge in the
tree based on the most reliable positions (fewer than five sub-
stitutions) are, with a reasonable statistical support, Plancto-
mycetes (Brochier and Philippe 2002). This phylum is a major
division of Bacteria, whose members share several original fea-
tures such as the lack of peptidoglycan in their cell walls or a
budding mode of reproduction (Fuerst 1995). The most in-
triguing feature is the existence of a single or double membrane
around the bacterial chromosome in Gemmata and Pirellula
species, which has been compared with the eucaryotic nucleus
(Fuerst 1995). Yet, evolutionary homology with the eucary-
otic nucleus has not been proved. Despite these unique char-
acteristics, this group remains little studied, although it was
recently implied in anaerobic ammonia oxidation (Strous et al.
1999). If the early emergence of Planctomycetales were con-
firmed by genomic data (Jenkins et al. 2002), the early emer-
gence of the most “eucaryote-like” bacteria at the base of the
tree would challenge the current view on the nature of LUCA.
In contrast, the hyperthermophilic bacteria robustly emerged
late in the tree based on slowly evolving positions (Brochier
and Philippe 2002). This is in agreement with the growing
evidence that they secondarily adapted to high temperature
(Aravind et al. 1998, Forterre et al. 2000, Galtier et al. 1999,
Nelson et al. 1999), which seriously weakened the hypoth-
esis that LUCA was hyperthermophile. Finally, in this tree,
hyperthermophylic bacteria show a very high evolutionary
rate, which was masked in standard analysis by the fast-evolv-
ing positions (Bromham et al. 2000, Philippe and Laurent
1998, Philippe et al. 1994). Therefore, contrary to recent
claims (Dawson and Pace 2002), apparently slowly evolving
lineages (e.g., Aquificales and Thermotogales; fig. 7.1) can
be misplaced by the LBA artifact.
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Recent Advances into the Eucaryotic Phylogeny

The impact of LBA artifact is not limited to the bacterial
phylogeny but applies to all the branches indicated in bold
in figure 7.1 (Brinkmann and Philippe 1999, Philippe et al.
2000b). This is especially dramatic in the case of eucaryotes,
for which more than 10 early-branching lineages could be
artificially located (Philippe and Adoutte 1998). Indeed, the
eucaryotic tree was previously divided into two parts: (1) the
so-called crown, in which the branching order between phyla
was very poorly resolved, which is interpreted as the result
of an adaptive radiation (Knoll 1992); and (2) the base, which
contains “primitive” eucaryotes, especially the amitochon-
driate ones. We have proposed that all the lineages of the clas-
sical base are very likely misplaced and in fact belong to the
crown, what we called the “big bang” hypothesis (Philippe
and Adoutte 1998).

As recently reviewed (Philippe et al. 2000a), many lines
of evidence are in agreement with the hypothesis that the
eucaryotes branching early in the rRNA are misplaced be-
cause of LBA. First, the evolutionary rates of different eucary-
otic phyla have been estimated for several genes, and it has
been shown that the faster a phylum evolves, the earlier it
emerges (e.g., euglenozoans for rRNA and ciliates for actin;
Moreira et al. 2002, Philippe and Adoutte 1998). Second, the
addition of new sequences in phylogenetic analyses, which
is known to reduce the impact of the LBA artifact (Hendy
and Penny 1989), results in an upward movement of the
early-branching species in the tree (Moreira et al. 1999).
Third, the use of more realistic models of sequence evolu-
tion, also known to attenuate the impact of LBA (Huelsen-
beck 1998), leads, in rRNA trees, to a later emergence of
euglenozoans (Peyretaillade et al. 1998, Tourasse and Gouy
1998), microsporidia (Peyretaillade et al. 1998, Van de Peer
etal. 2000), Physarum (Peyretaillade et al. 1998), and tri-
chomonads and heteroloboseans (Silberman et al. 1999). In
fact, the most recent analyses that used a " law to model the
rate heterogeneity among sequence sites showed that the
“classical” tree cannot be statistically differentiated from
the ones that locate all the lineages within the crown (Philippe
and Germot 2000, Simpson et al. 2002). Fourth, several
characteristics [highly heterogeneous rRNA length, large
number of unique substitutions, attraction by artificial ran-
dom sequences, and high Relative Apparent Synapomorphy
Analysis (RASA) taxon variance] suggested that the basal lin-
eages of the rRNA tree are fast evolving (Stiller and Hall
1999). Fifth, if a basal emergence in the rRNA tree is cor-
rect, one expects that the slowly evolving positions, which
contain most of the ancient phylogenetic information, will
provide strong support for the basal branching. Yet, as for
Bacteria, when using the S-F method, the basal taxa in the
standard rRNA tree do not emerge early when only slow-
evolving positions are used, but display very long branches
(Philippe et al. 2000b). Sixth, phylogenies based on protein
sequences generally suggest a late emergence for the taxa
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emerging early in the rRNA tree. A clear example is provided
by microsporidia, which are located very close to the base of
eucaryotes in TRNA tree (fig. 7.1) but are indeed highly de-
rived fungi (for review, see Keeling and Fast 2002).

The phylogenetic relationships within the crown of the
eucaryotic rRNA tree are known to be difficult quite to re-
solve, possibly because of a rapid diversification (Knoll 1992,
Sogin 1991). Indeed, eucaryotic rRNA phylogenies inferred
with a comprehensive taxonomic sampling and aI” law model
are very poorly resolved, the bootstrap values for the nodes
connecting the major phyla being almost all below 50%
(Brugerolle et al. 2002, Cavalier-Smith 2002, Simpson et al.
2002). Because many more lineages than first acknowledged
(the artifactually early-branching phyla and the newly dis-
covered, uncultured groups; Dawson and Pace 2002, Lopez-
Garcia et al. 2001) belong to the already poorly resolved
crown, The complete resolution of the eucaryotic phylogeny
constitutes a great challenge.

Two quite different approaches can be used, which we
have called statistician and Hennigian (Philippe and Laurent
1998). The statistician approach consists in the analysis of
very large data sets, with tree reconstruction methods as re-
fined as possible. The underlying idea is that the resolving
power will increase and that the biases brought by differ-
ent genes will be different and thus will be minimized. The
Hennigian approach consists in the use of very slowly evolv-
ing characters, such as insertion/deletion or gene fusion
events [also called rare genomic events (Rokas and Holland
2000)]. The assumption is that these characters are less ho-
moplastic, and therefore the most simple tree reconstruction
method (i.e., maximum parsimony) will provide a good es-
timate of the good phylogeny. These two approaches have
been applied to the case of eucaryotes, with both more and
less success.

In the statistician approach, because of the limited
amount of available sequences, one has to choose between
many genes/few species (13/12; Moreira et al. 2000) and few
genes/many species (4/60; Baldauf et al. 2000). As expected
(Graybeal 1998, Lecointre et al. 1993, 1994), the first ap-
proach provided a fully resolved tree (Moreira et al. 2000)
but is very sensitive to LBA, whereas the second is not se-
verely affected by LBA but is very poorly resolved. For ex-
ample, the Euglenozoa and the Apicomplexa emerge strongly
but artificially at the base when few species are used (Moreira
et al. 2000). On the contrary, they belong to a large group of
protists (including also stramenopiles and heteroloboseans)
when many species are used (Baldauf et al. 2000), but with
a weak support (bootstrap value around 50%). In contrast,
red algae and green plants strongly group together in the
clade Plantae in the first analysis but very weakly (bootstrap
value below 50%) in the second one. The monophyly of
Plantae found with nuclear genes strongly suggests the hy-
pothesis of a unique primary endosymbiosis of a cyanobac-
teria at the origin of chloroplast, as already proposed by
plastid and mitochondrial data (Palmer 2000).

We recently tried to make a compromise between these
two extremes in order to increase simultaneously both ac-
curacy and resolving power (Bapteste et al. 2002). We used
123 genes for 30 species, representing about 25,000 unam-
biguously aligned positions. The corresponding phylogeny
is shown in figure 7.3. Not surprisingly, the results are in
between the previous ones (with 12 and 60 species, respec-
tively; Baldauf et al. 2000, Moreira et al. 2000), which is il-
lustrated by three examples. (1) One fast-evolving species, a
parasitic amitochondriate amoeba Entamoeba histolytica, is
strongly grouped with a free-living amitochondriate amoeba
(Mastigamoeba), this clade being a sister group of Myceto-
zoa, represented here by Dictyostelium. The monophyly of
this large clade of amoeboid organisms contrasts with their
pronounced polyphyly on classical rRNA trees (Sogin 1991).
The statistician approach has provided convincing evidence
for a difficult phylogenetic question. (2) The early emergence
of diplomonads and Euglenozoa (fig. 7.3) is very likely due
to LBA. In fact, when we added microsporidia to our data
set, we found very strong support for their early emergence
(H. Brinkman, M. van der Giezen, T. M. Embley, and H.
Philippe, unpubl. obs.). However, the evidence for consid-
ering microsporidia as derived fungi is very strong (Keeling
and Fast 2002), but many of the genes used evolved very fast
in this group, thus generating LBA. The number of species
used in our study is thus insufficient to eliminate LBA, all
the more so because a very distant outgroup (Archaea) is
used. It is likely that the use of genes of mitochondrial ori-
gin, with a very close a-proteobacterial outgroup, will be a
good way to avoid this problem (Philippe 2000). (3) Several
nodes (e.g., the grouping of stramenopiles and alveolates) are
weakly supported. This indicates that the number of genes
used is still insufficient, and/or, as proposed by the big bang
hypothesis, the time between speciation events is too short
to discriminate branching orders. In summary, the statisti-
cian approach has allowed, and will allow, progress in the
resolution of the phylogeny of eucaryotes. However, because
it is very sensitive to the inconsistency of the methods, it is
of prime importance to improve the tree reconstruction
methods, especially by taking into account heterotachy
(Galtier 2001, Huelsenbeck 2002, Penny et al. 2001).

In the Hennigian approach, very few characters useful for
resolving the phylogeny of eucaryotes have been discovered.
First, a few insertion/deletions have been proposed. In par-
ticular, an insertion of about 12 amino acids in the elonga-
tion factor EF-1a is shared only by animals and fungi (Baldauf
and Palmer 1993), and also by microsporidia (Van de Peer
et al. 2000), suggesting the monophyly of this clade, called
Opisthokonta. However, the same insertion is also present
in some green algae but not in land plants (H. Philippe,
unpubl. obs.). Similarly, two small indels of one amino acid
in enolase are shared by trichomonads and prokaryotes,
suggesting that trichomonads constitute the first lineage to
emerge within eucaryotes (Keeling and Palmer 2000). How-
ever, the same indels are also present in several independent
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lineages (e.g., in several members of Archaea and in a few of
Bacteria; Bapteste and Philippe 2002, Hannaert et al. 2000),
casting doubts on the use of this character as a phylogenetic
marker. In fact we have found in enolase, IMPDH, and Val
tRNA synthetase several large indels that contradict each
other and also the phylogeny inferred from the very same
gene containing the indel (Bapteste and Philippe 2002,
Gribaldo and Philippe 2002). This indicates that indels are
not always very good characters, because they are prone to
convergence and that they are very sensitive to LGT (with or
without recombination; see Bapteste and Philippe 2002). It
is thus very hazardous to base phylogenetic inference on a
single indel. Finally, an insertion in a very highly conserved
gene (ubiquitin) for which a comprehensive taxonomic sam-
pling is available provide convincing evidence for the sister-
group relationship of Cercozoa and Foraminifera (Archibald
etal. 2003).

Other rare genomic events are more promising. The first
case is the nonhomologous replacement of the mitochondrial
RNA polymerase by the T3/T7-like one. In all the mitochon-
driate eucaryotes, except the jakobids (e.g., Reclinomonas
americana), the original bacterial polymerase encoded in the
mitochondria has been replaced by T3/T7 polymerase
(Cermakian et al. 1996, Lang et al. 1997). This replacement
suggests that jakobids are the first eucaryotic lineage to
emerge. However, in the plastid of land plants, the bacte-
rial and the T3/T7-like RNA polymerases are known to have
coexisted for several hundred of millions years (Gray and
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Lang 1998), and the bacterial form has been lost in one para-
sitic nonphotosynthetic plant (Wolfe et al. 1992). It is there-
fore quite possible that different lineage sorting has affected
the RNA polymerase of mitochondria. Nevertheless, jakobids
are good candidates for being the first emerging eucaryotes.
A second case of a rare genomic event is the fusion of the
dihydrofolate reductase and thymidylate synthase genes.
These two genes are separated in all the bacteria and all the
opistokonts, but are fused, when present, in the other eu-
caryotes (Philippe et al. 2000b, Stechmann and Cavalier-
Smith 2002). This is a strong argument to locate the root of
the eucaryotic tree between opistikonts and all the other
eucaryotes. Yet, it should be noted that these genes have been
lost in several lineages (e.g., Entamoeba and Giardia) and re-
placed by nonhomologous genes in some others (e.g.,
Dictyostelium; Dynes and Firtel 1989). This gene fusion sug-
gests that opistokonts are also very good candidates for be-
ing the first emerging eucaryotes. In summary, the use of rare
genomic events has provided some interesting hypotheses
for rooting the eucaryotic tree. If such a root is reliably in-
ferred, it will be possible to construct eucaryotic phylogenies
without the need of a non-eucaryotic outgroups, thus seri-
ously reducing the importance of LBA.

As expected from the results based on rRNA, the eu-
caryotic phylogeny turned to be a very difficult question.
The very large amount of new molecular data has recently
allowed resolving several nodes (fig. 7.4). The resolution
will continue to be improved thanks to the sequencing of
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complete genomes and of a large sample of cDNAs (http://
megasun.bch.umontreal.ca/pepdb/pep_main.html) for
many protists.

A Personal Point of View on the Universal
Tree of Life

In conclusion, several basal branches of the universal Tree of
Life based on rRNA (indicated in bold in fig. 7.1), which may
be misplaced because of LBA artifact, have been relocated
upper in the tree (e.g., hyperthermophilic bacteria and
microsporidia). For some others (e.g., diplomonads and the
root of the Tree of Life), it appeared that their high evolution-
ary rates for numerous genes prevented their reliable place-
ment, because current tree reconstruction methods are still
sensitive to LBA. The support in favor of their early emergence
has thus been weakened. Nevertheless, the global picture pro-
vided by rRNA remains correct, and one can still consider
rRNA as one of the best phylogenetic markers, despite some
weaknesses. The progresses to fix the potential errors high-
lighted in figure 7.1 are summarized in figure 7.4. It should
be noted that several nodes are supported with little support
(e.g., asingle gene) and reflect my working hypothesis rather
than a robust and widely accepted consensus.

I would like to emphasize two general issues that are es-
pecially relevant to the origin and evolution of eucaryotes. The
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Figure 7.4. Simplified universal Tree of Life. The root was
located in the eukaryotic branch based on the analysis of slowly
evolving positions (Brinkmann and Philippe 1999). The
mitochondrial endosymbiosis (arrow) is supposed to have
occurred before the diversification of extant eukaryotes and
before the major increase of atmospheric oxygen (Canfield and
Teske 1996). A few extinct lineages are indicated in broken
lines, to show that the diversity of extant organisms provides a
very sparse sampling of ancient diversity.

first is that we are strongly influenced by the Aristotelian view
that simple organisms are primitive organisms (the famous
scala natura). It is for this reason that we easily believe that
prokaryotes precede eucaryotes and that amitochondriate
eucaryotes predate the mitochondrial endosymbiosis. Yet, the
study of eucaryotic phylogeny (Embley and Hirt 1998, Philippe
etal. 2000a) has shown that simplification is a major evolu-
tionary trend. As brilliantly argued more than 50 years ago
(Lwoff 1943), we have a major psychological reluctance to
accept the importance of simplification, because we associate
evolution, progress, and complexity (Gould 1996). The sec-
ond is that molecular phylogeneticists, because of the con-
straint of having to study extant organisms, often forget extinct
organisms. In fact, extinction is a very common phenomenon,
and one should take extinct organisms into account for every
evolutionary scenario. Even if a lot of speculations are required
to infer the characteristics of past microorganisms, the numer-
ous extinct organisms quite different from extant eucaryotes
and prokaryotes should not be ignored (e.g., the organisms
thriving during the hypothetical RNA world). As a result, the
absence of early-branching eucaryotes proposed by the “big
bang” hypothesis does not imply that complex eucaryotes
suddenly evolved from scratch. As shown in figure 7.4, this
can just be due to the extinction of all the intermediary forms,
as is well known for mammals and birds.

Finally, as explained in detail elsewhere (Forterre and
Philippe 1999), we favor the hypothesis that LUCA was an
eucaryote-like organism that would have evolved through
simplification into a prokaryote-like form. The main argu-
ment is that many RNA-based mechanisms inherited from
the RNA world have been replaced by protein-based mecha-
nisms in prokaryotes (Poole et al. 1999). Nevertheless, this
argument is not decisive, because RNA-based mechanisms
can appear in prokaryotes (e.g., transfer-messenger RNA in
Bacteria).
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Viruses and the Tree of Life

Viruses, Taxa, and Life

Viruses are rarely included in syntheses regarding the com-
mon origin and history for all life forms. There are many
reasons for this, including our ignorance of their deep his-
tory, an earlier reluctance to consider them as living organ-
isms, and their extreme changeability. However, increasing
amounts of molecular sequence data enable more compari-
sons among viruses and between viruses and other organ-
isms, and we attempt here a brief perspective on the
integration of viruses and the Tree of Life. At the outset,
we wish to emphasize that viruses have arisen on multiple,
independent occasions, being a grade rather than a single
clade, and to alert readers to the limitations of the “tree of
life” metaphor when applied to virus histories.

Viruses are obligate intracellular parasites averaging 30 nm
long, or 1/100th the size of many bacteria. They are the last
major kind of organisms to be described, and may represent
the last and broadest organismal frontier. Many viruses, when
in reproductive mode, can produce thousands of offspring per
hour in each of the hundreds or thousands of cells infected in
asingle host individual. This provides copious grist for the evo-
lutionary mill, in producing a multitude of “winning” virus
forms and lifestyles that have ultimately succeeded in coloniz-
ing all other organisms, from bacteria to algae, fungi, plants,
and animals, and moving with them to all regions and habi-
tats on Earth. The associations between viruses and their hosts
range from ephemeral one-time visits without consequence to

chronic, fatal associations. In a longer time frame, the associa-
tions range from a possibly crucial, transformational role for
life’s earliest forms, to extinctions of host populations, to an
ongoing and deeply integrated role in the evolution of host
organisms and their genomes. Success in being small requires
great economy in structure and content. Whereas the human
nuclear genome includes roughly three bill