Lateral Gene Transfer, Genome
Surveys, and the Phylogeny of
Prokaryotes

Doolittle argued that to construct phy-
logenies, an organism should be regarded as
either less or more than the sum of its genes
(1). The argument is based on the observation
that gene phylogenies are rarely consistent
with one another because, among others, of
lateral gene transfer (LGT). Creating phylog-
enies from sequence data in which an organ-
ism is described exactly as the sum of its
genes is not, however, the only approach (2).
Rather than creating phylogenies based on
sequence identity for separate genes, this al-
ternative creates a distance-based phylogeny
at the genome level by comparing the fraction
of genes shared between genomes (2). The
resulting phylogeny (Fig. 1) of completely

sequenced genomes (for an overview, see
http://www tigr.org/tdb/tdb.html) is remark-
ably similar to the phylogenies that are based
on 16S ribosomal RNA (3). Not only is the
trichotomy between Eukarya, Bacteria, and
Archaea present, but within each of these taxa
the clusters generally recognized as being
monophyletic and for which multiple ge-
nomes are available, all have high bootstrap
values (the Proteobacteria and their branch-
ing order, the Spirochaetales, the low (G+C)
Gram-positive bacteria, and the Euryarcha-
eota). This method does not resolve the major
branchings of the Bacteria, but neither do the
phylogenies based on sequences that do not
show LGT resolve this part of Bacterial phy-
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Fig. 1. Genome phylogeny based on gene content. A Fitch-Margoliash (6) tree was made from a
genome distance matrix. Distances were calculated based on the number of genes shared between
two genomes divided by the number of genes in the smallest genome. The number of shared genes
between two genomes is calculated using an operational definition of orthology. Two genes from
two genomes are considered orthologous when they have the highest significant level of pairwise
similarity to each other compared to their similarity to the other genes in each other’s genome.
Two genes can be orthologous to a single gene from another genome when their alignments do not
overlap [see (2)].
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logeny with a high degree of confidence.
LGT of genes that are not yet present in a
genome, and the parallel loss of orthologous
genes in distant phylogenetic branches, reduce
the phylogenetic pattern in the gene content.
We argue that the rate of these processes is not
so high as to preclude a phylogenetic view of
genome evolution. Genome phylogeny based
on gene content disregards the evolutionary his-
tory of genes. It is analogous to distance-based
phylogenies of sequences that disregard the or-
igin of amino acids. In the absence of a model
of sequence or genome evolution, such ap-
proaches have been shown to be very useful. In
discussions about genome phylogeny and gene
phylogenies, it is difficult to see the forest (ge-
nome phylogeny) for the trees (gene phylog-
enies) (4). Higher order approaches that are
complementary to gene phylogenies and that
stress the complete genome aspect and the re-
lations between the genes should be taken into

consideration (J).
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From the time that ribosomal RNA molecules
were first observed and described (/) until the
1970s, they were the only high molecular
weight cellular RNAs that could readily be
isolated. Historically, the great abundance of
these RNAs and the repetitiveness of their
genes, particularly in eukaryotes, made rDNA a
popular choice as the molecular yardstick for
determining evolutionary relationships between
diverse organisms. While the essential and un-
varying role of rRNA in protein synthesis has
become clear, it remains to be seen whether the
sequences of rRNA molecules should form the
basis for a “universal tree of life” (2).

W. E. Doolittle (3) highlighted that lack of
clarity in his review of the universal tree and
emphasized the problem posed by what ap-
pears to be rampant lateral gene transfer
(LGT), particularly among and between the
Archaeca and Eubacteria. In so doing,
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Doolittle echoed a growing chorus that has
interpreted conflicts between the rDNA tree
and those inferred from other molecular se-
quences, as evidence that genes have trans-
ferred among organisms quite freely through-
out the course of cellular evolution.

The case for widespread LGT during micro-
bial evolution appears to be supported by the
observations of Lawrence and Ochman (4) that
segmental inhomogeneities exist in base com-
position and codon usage within the E. coli
genome. Yet, although these authors suggested
that atypical segments are relics from past LGT
events, other explanations are possible. For ex-
ample, similar regions of exceptional DNA
composition in other microbial genomes have
been attributed to the preference for genes to be
transcribed in parallel with leading strand rep-
lication, which can result in a compositional
bias between DNA strands (9). In genomes so
organized, the consequences of chromosomal
inversions could mistakenly be attributed to
LGT; it is certainly plausible that comparable
mechanistic explanations will yet surface for
the variant sequences in E. coli.

However, regardless of the source of these
sequence blocks in E. coli, such data from
specialized enteric bacteria are not a suffi-
cient basis for concluding that pervasive LGT
has shaped the broader course of cellular
evolution. That generalization rests squarely
on conflicts between the rDNA universal tree
and comparative analyses of other gene se-
quences, or on less phylogenetically rigorous
heuristic comparisons of total genome con-
tent using search algorithms that look for
similar sequences. We and others (6) have
demonstrated that deep branches in rDNA
phylogenies suffer from long-branch attrac-
tion and other sources of artifactual behavior.
Much of the ancient topology of the universal
tree seems, therefore, unreliable. Yet rDNA
has been subjected to the most extensive
analyses of all genes used to examine ancient
evolutionary relationships. What, then, is to
be made of conflicts that arise from the less
thoroughly investigated gene sequences?

There are many well-documented cases of
lateral gene transfer. There are also many dem-
onstrated examples of erroneous molecular
phylogeny. It may turn out that LGT was, and
is, as rampant as Doolittle and others have
suggested. However, it remains unclear wheth-
er this conclusion should be drawn from initial
examinations of the vast number of gene se-
quences that are pouring in from diverse organ-
isms. As an alternative to sequence-based phy-
logenies, Gutpa (7) used the presence or ab-
sence of signature sequences (clearly homolo-
gous insertions and deletions in many different
genes) to derive the tree of life. Although some-
what different from the rDNA model, the evo-
lutionary pattern that emerges from his investi-
gations is, remarkably consistent internally and
shows little evidence of LGT. Martin (8) sug-
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gested that acceptance of the existence of vast
amounts of LGT may lead to an understanding
of “the principles which must govern the distri-
bution of genes across bacterial genomes.” But
if methodological problems are the dominant
cause of the apparent conflicts between gene
histories, misattributing them to LGT will ob-
scure those governing principles. It would seem
prudent to develop alternative methodologies
and to explore other possible hypotheses before
settling on LGT.

There were two problems implicit in the
rDNA universal tree when it first took shape:
one was an untested hypothesis—the specific
evolutionary topology it proposed for the tree of
life; the other was an assumption of the insuf-
ficiency of the methods and data used to reli-
ably infer the nature of ancient evolutionary
events. While conflicts arising from other mo-
lecular sequence data have caused Doolittle and
others to question the topology and even the
concept of the universal tree, the possibility that
the cause of the conflicts may lie largely with
the methods used has generally been over-
looked. This leaves lateral gene transfer as the
most obvious explanation for the perceived dis-
crepancies between gene histories. A precipi-
tous acceptance of such widespread LGT places
evolutionary biologists in the untenable posi-
tion of adopting an unfalsifiable hypothesis, at
least in terms of the techniques of comparative
sequence analyses that currently dominate the
field of molecular evolution. Any phylogenetic
pattern inferred from any given gene can be fit
to some suitable mix of conventional intraspe-
cies gene transmission and interorganismal ge-
netic promiscuity. Thus, unless more reliable
evidence is uncovered, the scientific method
requires that we invoke the idea of ubiquitous
LGT only as a last resort.
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Dootittle (7) argued that the lateral gene
transfer (LGT) problem is so acute for pro-
karyotes that, except for the distinction be-
tween Archaea (or archaebacteria) and Bac-
teria (or eubacteria), it precludes determina-
tion of the evolutionary relationships among
various prokaryotic taxa. To infer that the
presence of a particular gene in a given or-
ganism is due to LGT, one must first assume
a model for the relationship among organisms.
Since Woese et al.’s (2) three-domain proposal
is the current paradigm, any gene phylogeny
inconsistent with this model would be attributed
to LGT. Although the basic premise that Ar-
chaea are totally distinct from Bacteria is sup-
ported by several important characteristics (/,
2), there now exists compelling evidence sup-
porting an alternative relationship among pro-
karyotes (3). Emerging from extensive analyses
of conserved insertions and deletions (signature
sequences) in many highly conserved proteins,
this alternate view points to a specific relation-
ship of archaebacteria to the Gram-positive bac-
teria, both of which possess similar cell struc-
ture (bounded by a single membrane) and are
distinct from the Gram-negative bacteria
(bounded by two different membranes). The
characteristics that distinguish archaebacteria
from eubacteria (genes involved in information
transfer, cell wall and membrane compositions)
are primarily those that are the main targets of
antibiotics produced by Gram-positive bacteria,
and these could have evolved in Gram-positive
bacteria in response to strong antibiotic selec-
tion pressure (3). Once such a possibility is
recognized, many observations that are current-
ly attributed to LGT may be interpreted differ-
ently. With the use of signature sequence anal-
yses, it has proven possible to define the main
taxa among eubacteria and to deduce their or-
ders of evolution from a common ancestor,
indicated as follows: Archaebacteria < Gram-
positive bacteria = Deinococcus-Thermus =>
Green nonsulfur bacteria = Cyanobacteria =
Spirochetes = Chlamydia-Cytophaga-Green
sulfur bactria = Proteobacteria-€, & = Pro-
teobacteria-o, B, vy (3). This deduced relation-
ship among prokaryotes is consistent with all
available data including cell morphology and
molecular phylogenies, and it generally sup-
ports the inferences based on rRNA phylog-
enies (3). Assuming this alternative model,
LGT did not pose a serious problem in the
interpretation of data for the different gene se-
quences (3). The implication is that LGT, al-
though widespread, is not so pervasive that it
precludes the determination of the evolutionary
relationships among organisms. The model
based on signature sequences provides a con-
trasting but reasonable alternative for interpret-
ing the genome data as they accumulate.
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Response: The comments of Huynen, Snel,
and Bork (/7); Stiller and Hall (2); and Gupta
and Soltys (3) address many of the issues that
make the lateral gene transfer (LGT) question
interesting on so many levels.

Huynen et al. (1) suggest that even in the
face of extensive LGT we might still reconstruct
phylogeny by considering total gene content—
the more genes any two genomes share, the
closer their relationship, and thus the closer the
relationship of the organisms that replicate
them. Even though analyzing genome data in
this way produces a tree-like branching diagram
not unlike the “standard model” based on
rRNA, the approach seems misconceived. If
there were only one true phylogenetic tree (a
single genealogical signal for all genes), dis-
agreement among the data would reflect only
statistical or methodological noise and it would
be sensible to use such an aggregated measure.
However, we already know that genes have
different histories and that there are, indeed,
several conflicting genealogical signals in a ge-
nome. Hence, it seems inappropriate to equate
the history of a whole genome with the history
of only a portion—even the majority—of its
genes.

Gene content comparisons will be very
useful for taxonomy: they give us the best
possible measure of “overall (phenetic) sim-
ilarity” between organisms. But the tree-like
branching pattern which can be derived from
such similarity measurements is not an organ-
ismal (or genome) phylogeny. The mere fact
that we can derive a unique “tree” does not
mean that a bifurcating branching process (of
that same or any topology) gave rise to con-
temporary organisms or their genomes. This
would be analogous to the construction of a
tree-like pattern relating Halifax, Toronto,
Montreal, and Vancouver on the basis of the
percentage of shared surnames in their tele-
phone directories. This pattern would tell us
something useful about similarities between
their populations, but would it be a “phylog-
eny” of the cities?

Ironically, LGTs will contribute substan-
tially to the apparent phylogenetic signal in
such a gene content tree. There is no signal
from the genes to which all genomes have a
copy, and this includes the transcription and
translation-related genes on which the univer-
sal tree is thought to rest most securely. Close
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relationships, like that between the two Hel-
icobacter pylori strains in Huynen et al. (I,
figure 1) must be based on the sharing of
genes not found in sister taxa (even E. coli,
which, overall, has almost three times as
many open reading frames). Some of the
Helicobacter-specific genes will indeed be
new sequences, created by duplications since
the Helicobacter/Escherichia divergence, but
many others will have orthologs scattered
among other genomes further away than E.
coli’s, as expected if LGT had occurred “at
the base” of the Helicobacters.

Stiller and Hall (2) fear that the current
LGT bandwagon has become a juggernaut.
Indeed, many discordant trees are just bad
trees—not evidence of LGT. Stiller and
Hall’s alternative explanation for Lawrence
and Ochman’s (4) results deserves more rig-
orous testing (or rebuttal by Lawrence and
Ochman). Their concerns for results based on
BLAST scores or other simple heuristic com-
parisons are well taken. However, the stron-
gest evidence for the importance of LGT
among prokaryotes is not within-genome inho-
mogeneities or unexpected BLAST scores, but
the varying gene content of the collection of
genomes now available, the very same sort of
data addressed by Huynen et al. (1). Each new
prokaryotic genome that appears contains doz-
ens, if not hundreds, of genes not found in the
genomes of its nearest sequenced relatives but
found elsewhere among Bacteria or Archaea.
Sometimes we can attribute this to loss, from
near relatives, of genes present in a common
ancestor, but each time we do we add to the
burden of genes that must have been carried by
the last common ancestor of all prokaryotes.
This burden seems unreasonably large, al-
though a rigorous analysis is needed. The
patchy distribution of genes and gene clusters in
the prokaryotic world (5, 6) almost certainly
reveals an underlying process of recurrent loss
and gain.

Stiller and Hall, rightly in my view, en-
dorse insertions and deletions as the sort of
shared-derived characters on which gene ge-
nealogies might be more solidly built. Gupta
(7) presented phylogenies based on such sig-
natures. Gupta and Soltys (3) claim in their
comment that with these phylogenies, “LGT
did not pose a serious problem in the inter-
pretation of data for the different gene se-
quences.” LGT is not a problem for them
because they freely embrace it. Explaining
why many gene trees show archaea intermin-
gled with Gram-positive bacteria, Gupta (7)
notes that “it is necessary to propose that
some lateral or horizontal gene transfers have
taken place.” He suggests that either

genes for many of the proteins for which
archaebacteria show a polyphyletic branch-
ing within the gram-positive bacteria . ..
have been transferred from low G+C gram-
positive bacteria to methanogens and ther-
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moacidiphilic archaebacteria and from high
G+C gram-positive bacteria to the halo-
philes, . . . [or] that genes for many functions
that indicate a monophyletic nature of ar-
chaebacteria were transferred from one or
more gram-positive bacteria that originally
evolved such changes into others.

Among these “genes for many functions” are
included many or most of those involved in
transcription, translation, and probably repli-
cation, tRNA modification, lipid metabolism,
and much else. This is, to my knowledge, the
most comprehensive and radical gene transfer
event or episode ever proposed.

As long as prokaryotic populations split
into new “species” at a high frequency com-
pared to the rate at which LGT supplements
or replaces the genes in their genomes, we
expect tree-like behavior. Living species and
more inclusive taxa will show some consis-
tency in the patterns of similarity and differ-
ence shown by most of their genes. But it is
possible, and interesting to contemplate (al-
though not proven), that LGT may be fre-
quent enough and promiscuous enough (in
terms of genes transferred and phylogenetic
distances bridged) that few patterns will ex-
hibit such consistency over 3.5 billion to 4
billion years. Could physical environment
and ecology be as strong a determinant of a
genome’s composition as phylogeny? Bacte-
ria and Archaea seem, in spite of many ob-
vious LGTs, to retain domain-specific gene
complements, but all sequenced archaeal ge-
nomes are from hyperthermophiles. It is in-
triguing that recently sequenced hyper-ther-
mophilic bacterial genomes show substantial-
ly more archaeal genes than the many meso-
philic bacterial genomes sequenced earlier (8,
9). Might we expect that when a mesophilic
crenarachaeal genome sequence appears, it
will prove to be a treasure trove of mesophilic
bacterial genes?
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