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TREE OF LIFE
many more subgroups, if not major groups,
undoubtedly remain to be discovered. Simply a
better understanding of the taxa already indicated should greatly facilitate resolution of the
deep branches of the eukaryote tree or even
define them clearly for the first time. An exciting possibility is the prospect of pico-eukaryote
genomics. Owing to their size and complexity,
there are few completely sequenced eukaryote
genomes, mostly from opisthokonts. However,
pico-eukaryotes also probably have simplified
“pico” genomes; Ostreococcus tauri’s genome
is ⬃8 Mb in size, less than twice that of the
laboratory strain of Escherichia coli (35). Thus,
these genomes should be highly amenable to
sequencing, and we could relatively quickly
accumulate a taxonomically broad enough set
of eukaryote genomes to start making meaningful global comparisons.
Our understanding of eukaryote evolution, in terms of taxonomic diversity, genome
structure, and ecology, is similar to that for
prokaryotes 10 to 15 years ago. Genomics
and ciPCR have together revolutionized nearly every aspect of our understanding of bacteria and archaea. It is fantastic to consider

the probability that we are on the cusp of a
similar revolution for eukaryotes.
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VIEWPOINT

Phylogenomics: Intersection of Evolution and
Genomics
Jonathan A. Eisen* and Claire M. Fraser
Much has been gained from genomic and evolutionary studies of species. Combining
the perspectives of these different approaches suggests that an integrated phylogenomic approach will be beneﬁcial.
Although it is generally accepted that genome
sequences are excellent tools for studying evolution, it is perhaps less well accepted that evolutionary analysis is a powerful tool in studies of
genome sequences. In particular, evolutionary
analysis helps to place comparative genomic studies in perspective. Researchers can begin to understand how and even why some of the similarities
and differences in genomes came to be, for example, the presence and absence of genes, the DNA
substitution patterns seen in noncoding regions,
and global patterns of synteny (conserved gene
order) across species. These analyses, in turn, can
be used to understand metabolism, pathogenicity,
physiology, and behavior. An important component of such studies is the fact that certain evolutionary analyses are only possible with (or are
greatly improved by) analysis of complete genome
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sequences. Gene loss cannot be unequivocally
inferred for a species if one does not have the
complete genome. The converse is also true—
certain genomic studies are greatly improved
by using evolutionary analysis. The feedback
loops between genome analysis and evolutionary studies are so pervasive that we believe it is necessary to integrate the two approaches into a single composite, called phylogenomics (1, 2).
In building the tree of life, analysis of
whole genomes has begun to supplement,
and in some cases to improve upon, studies
previously done with one or a few genes.
For example, recent studies of complete
bacterial genomes have suggested that the
hyperthermophilic species are not deeply
branching; if this is true, it casts doubt on
the idea that the first forms of life were
thermophiles (3). Analysis of the genome
of the eukaryotic parasite Encephalitozoon
cuniculi supports suggestions that the
group Microsporidia are not deep branch-

ing protists but are in fact members of the
fungal kingdom (4 ). Genome analysis can
even help resolve relationships within species, such as by providing new genetic
markers for population genetics studies in
the bacteria causing anthrax or tuberculosis
(5, 6 ). In all these studies, it is the additional data provided by a complete genome
sequence that allows one to separate the
phylogenetic signal from the noise. This is
not to say the tree of life is now resolved—
we only have sampled a smattering of genomes, and many groups are not yet
touched (7 ).
Just as genomics can help resolve the
branching patterns in the tree of life, an accurate picture of the tree is critical for genome studies. An accurate tree allows one to
select species so as to best represent phylogenetic diversity or to select organisms that
are optimally positioned for answering particular questions. For example, Drosophila
pseudoobscura was selected in large part for
genome sequencing because it is at an evolutionary distance from D. melanogaster,
such that potential regulatory regions will be
somewhat conserved and can be identified by
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tion of “pathogenicity islands” in bacteria (13–
15). Analysis of complete genomes has contributed to better understanding of one of the most
common forms of LGT—that of genes from organellar genomes (mitochondria and chloroplasts,
which used to be free-living bacteria and still have
their own genomes) to the nuclear genomes of
eukaryotes. Analysis of complete genomes has
been used to identify genes that are likely derived
from chloroplasts in plant (16) and Plasmodium
genomes (17).
Unfortunately, many of the claims of LGT
turn out to be incorrect [e.g., the claim that the
human genome was “infected” with hundreds of
bacterial genes (18) has since been refuted (19–
21)]. In practice, identifying cases of LGT is quite
difficult, and distinguishing it from other phenomena that cause genes to look anomalous, such as
unusual rates of evolution, strong selection, or
gene loss, has been difficult (22). When done
carefully, whole-genome studies suggest that
LGT has been rare over the course of evolution
and that it has not completely distorted the structure of the tree. Therefore, we should view claims
of LGT with appropriate skepticism and ask
whether alternative possibilities have been tested.
The value of evolutionary analysis in genomics goes beyond simply using the relationships
among species. For example, the prediction of
gene function is greatly improved by phylogenetic
analysis of gene families (23, 24). Evolutionary
reconstructions have revealed that in bacteria the
most common major rearrangements are inversions that are symmetric about the origin of replication (25, 26), that the entire genome of the
plant Arabidopsis thaliana has apparently been
duplicated (27), and that many segmented duplications may have occurred in human history (28).
Evolutionary analysis also allows the determination of the age of duplication events, which in turn
can greatly aid in functional studies (i.e., recent
duplications suggest the expansion of an activity
in a species, old duplications likely reflect divergent functions) (29, 30). In all such cases, evolu-

tionary analysis helped by allowing homologous
genes in different species to be divided into
groups of orthologs and paralogs, which in turn
allows the indentification of duplication events.
In conclusion, there is an ever-growing
list of examples in which cross-talk between
these two disciplines has enabled scientists to
design better experiments and generate new
insights. Just as development biology has
embraced evolution and become known as
EvoDevo, genomics and evolution should become one.
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methods like phylogenetic footprinting (8).
In studies of the vast diversity of microbes that have never been cultured in the
laboratory, DNA can be isolated directly
from the environment. To know what organisms that DNA came from, one needs a
phylogenetic anchor sequence [e.g., ribosomal RNA (rRNA)] to link the DNA to the
tree of life. This approach led to the identification of a novel form of phototrophy in
the open ocean (9) and has revolutionized
environmental microbiology.
In addition, the tree of life can be used to
select species that “bracket” major evolutionary
transitions. For example, comparing genomes on
either side of the prokaryote- eukaryote transition
has identified features conserved among eukaryotes but apparently absent from prokaryotes
(10). The importance of this approach is one
reason to sequence the genomes of monotremes
(the earliest branching group in mammalian evolution that still has living species, including the
echidna and the duck-billed platypus). A detailed
knowledge not only of the structure of the tree but
also of the origin of particular features is important for such studies, so as to avoid artificially
grouping together features that evolved independently multiple times such as multicellularity
(11).
The concept of a single tree implies that evolution of species follows a branching pattern in
which genes and genomes are transmitted vertically from parents to offspring. However, this is
not the only mode of evolution—genes can also
be passed from one evolutionary branch to another in a process known as lateral gene transfer
(LGT). Although the occurrence of LGT was
known for many years, analysis of whole genomes has reinvigorated its investigation (12).
The value of complete genome sequences is great
in these studies since it allows one to screen for
genes that may have unusual origins, without any
preconceived notions of what those genes might
be. This has allowed, for example, the identifica-
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VIEWPOINT

Preserving the Tree of Life
Georgina M. Mace,1 John L. Gittleman,2 Andy Purvis3
Phylogenies provide new ways to measure biodiversity, to assess conservation
priorities, and to quantify the evolutionary history in any set of species. Methodological problems and a lack of knowledge about most species have so far hampered
their use. In the future, as techniques improve and more data become accessible, we
will have an expanded set of conservation options, including ways to prioritize
outcomes from evolutionary and ecological processes.
If a species is at risk of extinction, its close
relatives have a higher than average chance of
being at risk too (1). As well as predicting
extinction risk, phylogeny provides a powerful
metaphor for biodiversity—the Tree of Life. If

the lengths of all the branches are summed,
phylogeny can go beyond metaphor to yield a
natural measure of biodiversity (“evolutionary
history” or “phylogenetic diversity” (2, 3)
(Fig. 1).

Counting Extinctions
Documentation of the extinction crisis has
tended to be about lists of species—those
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Institute of Zoology, Zoological Society of London,
Regent’s Park, London NW1 4RY, UK. 2Department of
Biology, Gilmer Hall, University of Virginia, Charlottesville, VA 22904, USA. 3Department of Biological
Sciences, Imperial College London, Silwood Park Campus, Ascot SL5 7PY, UK.
1

www.sciencemag.org SCIENCE VOL 300 13 JUNE 2003

1707

