ful under broad conditions. More generally,
the experimental approach adopted here sug-
gests that empirically observed network
structure can only be meaningfully inter-
preted in light of the actions, strategies, and
even perceptions of the individuals embed-
ded in the network: Network structure
alone is not everything.
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Phylogenetics and the Cohesion
of Bacterial Genomes

Vincent Daubin,’ Nancy A. Moran,” Howard Ochman*

Gene acquisition is an ongoing process in many bacterial genomes, contributing
to adaptation and ecological diversification. Lateral gene transfer is considered
the primary explanation for discordance among gene phylogenies and as an
obstacle to reconstructing the tree of life. We measured the extent of phylo-
genetic conflict and alien-gene acquisition within quartets of sequenced ge-
nomes. Although comparisons of complete gene inventories indicate appre-
ciable gain and loss of genes, orthologs available for phylogenetic reconstruc-

tion are consistent with a single tree.

In all but the most reduced bacterial genomes,
there is a substantial fraction of genes whose
distributions and compositional features indi-
cate that they originated by lateral gene trans-
fer (LGT) (7). There is also clear evidence of
LGT between distantly related organisms
based on phylogenetic studies involving large
taxonomic samples (2). Given these findings,
incompatibility of phylogenies within and
among bacterial phyla based on different
genes has routinely been ascribed to LGT
(3—10). However, building molecular phylog-
enies for distantly related species is often a
difficult task, and choice of phylogenetic
methods, genes, or taxa can yield different
results. For example, there is still no consen-
sus on the monophyly of rodents (71, 12) or
the branching order of amniotes (/3, /4), and
these groups are young compared to bacterial
phyla. In addition, distinguishing between or-
thologous genes (sequences that trace their
divergence to the splitting of organismal lin-
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eages) and paralogous (duplicated) genes be-
comes increasingly difficult when consider-
ing more distantly related taxa.

The effects of LGT have been extended
from the deepest to the shallowest levels of
bacterial relationships. Indeed, the similar-
ities in gene sequence and gene content that
define widely accepted bacterial taxa have
been proposed to reflect boundaries to gene
transfer, rather than vertical transmission
and common organismal ancestry (10).
Thus, LGT may overwhelm attempts to
reconstruct the relationships among bacte-
rial taxa. The claim that the history of
bacteria might be more faithfully depicted
as a net than as a tree (7) relies upon the
postulate that the substantial incidence of
acquired DNA within genomes is the basis
for findings of phylogenetic incongruence
among genes. However, the genes detected
as recently transferred are, by and large,
different from those used to build species
phylogenies. The former are disproportion-
ately A+T-rich, have restricted phyloge-
netic distributions, and usually encode ac-
cessory functions. In contrast, species phy-
logenies are based on genes with wide tax-
onomic distributions and having key roles
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in cellular processes. However, such differ-
ences are often ignored when considering
the impact of LGT on bacterial relation-
ships. Although the incidence of recently
acquired DNA in bacterial genomes is the
most direct indication of extensive LGT
among species (/), the question of whether
the incongruence in gene phylogenies is
linked to the amount of new DNA in a
genome has not been addressed.

To investigate the relation between
DNA acquisition and phylogenetic incon-
gruence, we selected quartets of related,
sequenced genomes whose phylogenetic re-
lationships, based on small subunit ribo-
somal RNA (SSU rRNA) sequences, dis-
play the branching topology shown in Fig.
1. For each quartet, we inferred both the
number of recently acquired and lost genes
(based on their phylogenetic distributions)
and the proportion of ortholog phylogenies
supporting lateral transfers. We applied a
conservative method for identifying or-
thologs by including only those genes hav-
ing a single significant match per genome,
thus minimizing the risks of including hid-
den paralogs descending from within-ge-
nome duplication events. This contrasts
with the commonly used “reciprocal best-
hit method” (15) to infer orthology, which
can yield misleading results (/6), especial-
ly when paralogs experience different evo-
lutionary rates. We retained all quartets of
species for which >25% of the genes from
the smallest genome were recovered as or-
thologs. We then tested which of the three
possible trees was significantly supported
for each ortholog family, using the Shimo-
daira-Hasegawa (SH) (/7) test implement-
ed in Tree-puzzle 5.1 (18) at the 5% level
of significance (/9). This method tests if an
alignment significantly supports a tree by
estimating the confidence limits of the like-
lihood estimates of the topologies.
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Fig. 1. Two methods for assessing LGT in bacterial genomes, applied
to available quartets of closely related, fully sequenced bacterial taxa.
The reference topology, based on SSU rRNA, is shown in the upper
left, with taxon names listed in the rows below. The yellow box
contains the numbers of gene acquisitions in genomes A and B, as
determined by parsimony in comparisons of complete genome con-
tents. The blue box contains the numbers of orthologous genes
supporting a topology that conflicts with the reference topology.
“Interspecies” and “Intraspecies” comparisons represent quartets of

taxa in which phylogenetic incongruence can be explained, respec-
tively, by a transfer from another species or from another strain of the
same species. For intraspecies comparisons, numbers of acquired and
lost genes were not calculated because of uncertainty about the
actual tree topology (nd, not determined). (B. aphidicola strains are
entirely isolated in different hosts and were thus considered as
different species despite having a single name. In B. aphidicola,
amounts of gene loss and gene gain are similar, suggesting that LGT
is overestimated due to independent losses of genes.)

For each quartet of species, the sets of
orthologs were divided into three catego-
ries: (i) those supporting the reference ri-
bosomal RNA tree (termed “rRNA topolo-
gy” in Fig. 2), (ii) those supporting one of
the two alternative topologies (“LGT topol-
ogy”), and (iii) those not significantly sup-
porting any topology (“Nonresolving”).
Note that all transfers to lineages connect-
ing A and B from outside of the ABC clade,
or from the C lineage, result in an “LGT
topology.” For all quartets, the proportion
of ortholog phylogenies supporting a hy-
pothesis of LGT is always small, and often
zero (Fig. 2). In some of the interspecies
comparisons, a few alignments support al-
ternative topologies. In some cases, we
identified groups of two or more adjacent
genes that support the same LGT topology,
consistent with the transfer of an operon
(e.g., an operon encoding three subunits of a
glutamyltRNA amidotransferase in the strep-
tococci). Although some of the alternate topol-
ogies probably reflect LGT, the frequencies of
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Fig. 2. Relative fre- LGT topology
quencies of the three 1

rRNA topology
0 1

categories of align-
ments, i.e., those sup-
porting the reference
phylogeny (SSU rRNA),
those supporting an
alternate phylogeny
(LGT), and those with no
statistical support for
any phylogeny. Points
represent quartets of ge-
nomes for which or-
thologous genes have
been inferred, aligned,
and evaluated at the nu-
cleic acid sequences lev-

Chlamydophila pneumoRjae «

el based on the SH test

N . @ Interspecies comparisons
implemented in Puzzle

+ Intraspecies comparisons

5.1 (79). The left part of
the plot (in blue) repre-
sents the area where LGT predominates.

such topologies are strongly correlated with the
ratio of external and internal branch lengths (2
= 0.928; P < 0.0005), but not with the distance
between sequences in the rRNA tree (P > 0.3).

Salmonella
Escherichia
Staphylococcus

Enterobacteria
Rhizobia

Buchnera
0

Staphylococeus aureus
Streptococcus

Esgherichia coli

1
Non-resolving

This suggests that most cases of alternate topol-
ogies represent false-positives due to recon-
struction artifacts rather than the accumulation
of LGT events with time.
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The only quartets indicating substantial
levels of LGT are the intraspecies compar-
isons of strains of Escherichia coli and of
Chlamydophila pneumoniae. This result in-
dicates genome-wide incidence of homolo-
gous recombination, extending previous
studies based on individual genes (20, 21),
and supports the proposal that the integrity
and definition of some bacterial species can
be inferred from the incongruency of gene
trees (22).

Thus, orthologous genes comprise main-
ly two groups: those supporting the rRNA
topology and those containing insufficient
phylogenetic signal. The intraspecies com-
parisons have a higher proportion of non-
resolving alignments (Fig. 2), which may
result from both intragenic recombination
and low levels of divergence. In contrast,
the interspecies comparisons display wide
variation in the proportion of nonresolving
alignments. This lack of resolution reflects
saturation rather than recombination, as
supported by the increasing proportion of
nonresolving alignments when terminal
branches are long relative to internal
branches in the rRNA tree (Fig. 3).

Although these results are limited to
relatively closely related species, they
highlight methodological artifacts that may
underlie some previous claims that LGTs
between distantly related species are suffi-
ciently frequent that the history of bacterial
lineages cannot be depicted by traditional
phylogenies (4, 5): First, previous studies
adopted a likelihood-mapping method that
examined differences in the likelihood of
alternate phylogenies without considering
their confidence intervals, thereby inflating
the perceived incidence of LGT. Applying
such an approach to the sets of orthologs
identified in the present study yielded sim-
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ilar results for the interspecies comparisons
involving closely related species (e.g.,
Escherichia, Salmonella) but led to a three-
and fivefold increase in estimated levels of
LGT in the Rhizobia and in the Streptococ-
ci, respectively, under the most stringent
threshold (P > 0.99). Hence, likelihood
mapping does not provide an accurate mea-
sure of LGT when applied to distantly re-
lated species. Second, although arguably
there would be an increased incidence of
LGT between very distantly related taxa
owing to the time elapsed since their diver-
gence, deep phylogenies such as these are
the most likely to contain short internal
branches. Thus, our results suggest that
LGT among prokaryotic phyla can be over-
estimated, even when applying a conserva-
tive statistical test. More generally, phylo-
genetic studies based on small numbers of
distantly related taxa may yield spurious
results (23, 24). As shown previously (4),
the addition of species to well-supported
quartet phylogenies will often decrease sta-
tistical support for LGT. Finally, even
when full genome sequences are available,
the use of a poor criterion for orthology,
such as the reciprocal best-hit method,
might lessen the ability to eliminate paralo-
gous genes in distant species and could lead
to false conclusions of LGT. Hence, evidence
for LGT should be considered cautiously
when relying on poor taxonomic sampling.
Based on a parsimony comparison of
complete genomes from closely related or-
ganisms, we have also estimated the num-
ber of gene acquisitions and gene losses in
each lineage. Using a BLASTP query (25),
we identified recently acquired genes as
those with no significant matches in the
sister group and the closest outgroup (26).
Levels of gene acquisition are often high,

REPORTS

sometimes exceeding 10% of the genome
(Fig. 1), providing independent support of
previous estimates based on compositional
features of individual genomes (/). The
introduced genes identified by this method
are principally acquired from outside of the
group of species considered. If comparable
levels of transfer were affecting the sets of
orthologs that we identified, topological
incongruence would be more frequent and
would be expected to correlate with the
proportion of acquired genes in a genome.
For example, Escherichia and Salmonella
show no evidence of interspecies transfer
affecting orthologous gene families despite
the high incidence of alien genes (Fig. 1).

Thus, not all genes are equally subject to
LGT. Based on previous analyses of pro-
karyotic phyla, it was suggested that some
functional gene classes, such as those in-
volved in complex molecular interactions
(termed “informational genes”), are less
prone to LGT (3, &). Our results provide
evidence for a more pronounced dichotomy
of genes, consisting of “acquired” and “or-
tholog” classes. These classes differ in fun-
damental features: More than 70% of ac-
quired genes encode proteins of uncharac-
terized functions, whereas ~80% of genes
in the ortholog class possess functional an-
notations (of which only 10 to 15% would
be classified as “informational” genes). Be-
cause little evidence of LGT is found for
orthologous genes, we conclude that LGT
is concentrated in a class of genes that are
not candidates for phylogenetic analysis.

The discovery of large amounts of alien
genes in bacteria has led to the prediction that
LGT causes phylogenetic disruption in
bacteria. Whereas invoking LGT is a last
resort for explaining an observation of phy-
logenetic incongruence in animals or plants,
LGT is often the first choice to explain in-
congruence in prokaryotes, often without re-
gard to the significance of the support accord-
ed to different trees (6). LGT is an important
driving force in prokaryotic evolution and
adaptation (/, 9, 27), but it is not always the
explanation for instances of phylogenetic
conflict. Regardless, if used critically, se-
quence data offer great promise for recon-
structing the evolutionary relationships of
bacterial lineages.
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Nervous System Targets of RNA
Editing Identified by Comparative
Genomics

Barry Hoopengardner,* Tarun Bhalla,* Cynthia Staber,
Robert Reenant

An unknown number of precursor messenger RNAs undergo genetic recoding by
modification of adenosine to inosine, a reaction catalyzed by the adenosine deami-
nases acting on RNA (ADARs). Discovery of these edited transcripts has always been
serendipitous. Using comparative genomics, we identified a phylogenetic signature
of RNA editing. We report the identification and experimental verification of 16
previously unknown ADAR target genes in the fruit fly Drosophila and one in
humans—more than the sum total previously reported. All of these genes are
involved in rapid electrical and chemical neurotransmission, and many of the edited
sites recode conserved and functionally important amino acids. These results point
to a pivotal role for RNA editing in nervous system function.

Chance discoveries of genetic recoding by
modification of adenosine to inosine (A-to-
I) in precursor mRNAs (pre-mRNAs) have
been reported for more than a decade. The
modification reaction, a hydrolytic deami-
nation, is carried out by the adenosine
deaminases acting on RNA (ADARs) (/,
2). Inosine in mRNA is recognized as
guanosine (G) by cellular machineries, in-
cluding the ribosome in the course of pro-
tein synthesis. The archetypal target of spe-
cific A-to-I RNA editing is the transcript of
the mammalian ionotropic glutamate recep-
tor gene, GluR-B. At the GluR-B (Q/R)
editing site, an encoded glutamine (Q)
codon (CAGQG) is enzymatically modified to
CIG in mRNA, which is then decoded as an
arginine (R) codon (CGG). The conduc-
tance properties of the edited channel differ
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from those of the genomically encoded
GluR-B protein (3). Thus, RNA editing
expands the protein repertoire of genes, a
function that is important for animal life
given that Caenorhabditis elegans, Dro-
sophila, and mouse mutants lacking ADAR
enzymes display predominantly neurologi-
cal phenotypes (4-7).

One factor frustrating ADAR site dis-
covery is the lack of a signature sequence
motif. The pre-mRNA substrate required by
an ADAR enzyme is usually an imperfect
duplex RNA formed by base-pairing be-
tween the exon that contains the adenosine
to be edited and an intronic noncoding
element, called the editing site complemen-
tary sequence (ECS) (8). An ECS can be
several hundred to several thousand nucle-
otides upstream or downstream of the edit-
ed adenosine (8—10). In short, any given
ADAR editing site comprises the ad-
enosine(s) to be modified within a stretch
of gene-specific coding sequence, plus a
pairing partner whose presence is inferred
and whose location must be determined
experimentally.
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To investigate the substrate require-
ments of ADAR enzymes, we undertook a
phylogenetic study of an editing site of the
para Na™ channel gene, which is edited in
numerous Drosophila species (11). We hy-
pothesized that if RNA editing of a partic-
ular site were conserved between species,
then intronic cis-elements required for ed-
iting site/ECS duplex formation would be
conserved as well. Unexpectedly, our ap-
proach revealed highly conserved exonic
sequences neighboring sites of ADAR
modification. Mutations, including synon-
ymous changes, were virtually absent near
sites of ADAR modification in 18 Dro-
sophila species tested (fig. S1) (/2). Se-
quences within the same exon, distal to the
region of ADAR modification, acquired
substitutions at a much higher rate. Assum-
ing that RNA editing confers a selective
advantage upon organisms, we interpret
this highly conserved region surrounding
an editing site as having arisen from a
selective constraint against any mutation
near a site of ADAR modification. Such
mutations would perturb the secondary
structure required for editing and have been
shown experimentally to disrupt or dimin-
ish editing (8, 9, 13). A relaxation of this
constraint would be expected in flanking
coding sequences not involved in editing.

Using this high degree of sequence iden-
tity between species as a potential signature
of ADAR editing sites, we searched for
new ADAR targets. Several groups of
genes in Drosophila melanogaster were
compared with their orthologs in Drosoph-
ila pseudoobscura. Our choice of genes in
this study was directed, in part, by the
neurological phenotype of d4DAR null mu-
tants (6). We examined 914 genes: those
annotated as ion channels (n = 135), G
protein—coupled receptors (GPCRs, n =
178), proteins involved in synaptic trans-
mission (n = 102), and transcription factors
(n = 499). Of these, 41 genes contained
regions within coding sequences that dis-
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