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Lateral and oblique gene transfer

Howard Ochman

Sequence information from complete genomes, and from
multiple loci of strains within species, is transforming the way
that we investigate the evolution of bacteria. Such large-scale
assessments of bacterial genomes have provided evidence of
extensive gene transfer and exchange. Except in rare cases,
these two processes do not seem to be coupled: certain
species, such as Escherichia coli, undergo relatively low levels
of gene exchange; but the emergence of pathogenic strains is
associated with the acquisition of numerous virulence factors
by lateral gene transfer.
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Abbreviations

MLEE  multilocus enzyme electrophoresis
MLST  multilocus sequence typing

MMR  mismatch repair
Introduction

Recent literature on complete genomic sequences might
leave the impression that gene transfer between organisms
— even those assigned to different Kingdoms or Domains
of life — is so pervasive that virtually any sequence can
turn up in any lineage and the boundaries between species
are breaking down. This is not the case. Whereas lateral
transfer has certainly been a significant factor in the rapid
adaptation and speciation of many bacterial lineages, the
overall stability of the genome is, in fact, what allows one
to assess the role of gene transfer.

Two types of genes are brought into the genome by
lateral processes: those that are new to the organism and
those that are homologous to existing genes. It is impor-
tant to make this distinction because considering them as
part of a single process has led to certain misconceptions
about the impact of lateral gene transfer. Both types of
transfer events influence the evolution of a lineage (as
well as our notions about the relationships among organ-
isms) but do so in a very different manner and context. In
this review, I highlight several cases where lateral gene
transfer has greatly influenced the biology, or on our
interpretation of the biology, of an organism. Because
actual transfer events are rarely observed, the evidence
for horizontal gene transfer can be quite indirect.
T'herefore, also mentioned is a recent example of what
might better be referred to as ‘oblique’ (i.e. not-quite-
horizontal) gene transfer, where the support for gene
exchange is less secure.

Ring out the old

T'he potential for acquiring (i.e. replacing) an existing gene
generally decreases with the phylogenetic distance
between the donor and recipient lineages [1,2]. Most gene
transfer of this type occurs by homologous exchange,
whose probability increases with genetic similarity. Aside
from such mechanistic considerations, an acquired gene or
gene segment is more likely to be beneficial — or at least
not deleterious — if it is similar to the original sequence.

For more than two decades, one of the central issues
investigated by bacterial population geneticists has
concerned the role of recombinational exchange in the
generation of allelic diversity within species [3]. Leaving
aside concerns about how it might be possible to define
bacterial species in light of varying degrees of genetic
exchange, information about the amount of recombination,
particularly within pathogenic species, has important
ramifications about the manner by which bacteria might
adapt to their hosts, respond to control, or be traced for
epidemiological purposes [4,5].

Since the 1980s, the organization of genetic diversity within
scores of bacterial species has been indexed by multilocus
enzyme electrophoresis (MLEE), which discriminates
among strains on the basis of the electrophoretically
detectable allelic variation in numerous proteins [6]. But
with the advent of rapid and economical sequencing came a
shift towards the use of a multilocus sequence typing
(MLST) scheme, which characterizes bacterial isolates
according to the nucleotide sequences of roughly 450-bp
fragments derived from several housekeeping genes (often
corresponding to loci assayed originally by MLEE) [7].

Obtaining sequences of multiple loci usually assists in the
identification and discrimination among strains; but by
examining the congruence between phylogenetic trees recon-
structed from individual genes, Feil ez a/. [8°] have assessed
the extent of recombination in six species of pathogenic
bacteria. Within four of the species — Strgprococcus pyogenes,
Streptococcus  pneumoniae, Staphylococcus aureus and Neisseria
menigitidis — trees obtained for each of the genes did not
match one another, indicative of recombinational exchange;
however, in two species, pathogenic E. coli and Haemophilus
influenzae, the recombination rates are low, as reflected by the
congruence between the different gene trees.

Although E. coli populations are largely clonal, having expe-
rienced relatively low levels of gene exchange [6,9], recent
focus has been directed towards the evolution of genes
underlying the process methyl-directed mismatch repair
(MMR) [10°*,11]. The MMR system serves to block recom-
bination in dissimilar sequences [12], and strains deficient in
MMR display enhanced rates of mutations and gene



exchange, which are likely to be advantageous to bacteria
that must survive heterogeneous environments or host
responses to their presence [13-15].

When compared with phylogenies reconstructed from several
other genes in natural isolates of K. co/i, the trees based on
the MMR genes present numerous incongruities that result
from a relatively high level of gene exchange [10°°11].
Because high mutation rates might produce a long-term
disadvantage by generating deleterious mutations, the high
level of gene exchange apparent in MMR genes (owing, in
part, to MMR mutants) might serve as a mechanism to
restore function to defective MMR alleles, thereby relieving
the consequences of increased mutation rates.

Tests of phylogenetic congruence can establish whether
particular gene trees differ from one another, or from the
phylogeny of organisms as a whole. Given the possibility of
transferring virtually any sequence, however, it may be
that certain genes are more representative of the actual
evolutionary history of organisms and could thus be used
as the backdrop onto which phylogenetic incongruities and
events of horizontal transfer can be discovered. Most view
ribosomal RNAs (rRNAs), and genes encoding conserved
proteins, as being less susceptible to transfer because they
are essential, universally distributed, and under stronger
selective constraints resulting from their complex interac-
tions with other proteins [16,17].

Despite recent claims to the contrary [18°], there are cases
of phylogenetic ambiguity that have resulted from the
transfer of rRNA [19-21]. Most bacteria accommodate
many (up to 15) copies of rRNA genes, but their sequences
are usually identical (or nearly so) within a genome, further
supporting the reliability of these molecules as markers of
organismal phylogeny. A few years ago, Yap ez al. [21]
reported the case of a thermophilic actinomycete (a high
G+C Gram positive bacterium) that has two very distinct
types of rRNA operons —a condition best explained
by the acquisition of the alternative form from another
actinomycete sharing a similar ecology.

A broad survey of the 16S and 23S rRNAs from additional
actinomycetes shows that horizontal transfer might also be
influencing the evolution of these genes on a different scale
[21]. Not only are there cases in which the 16S and 23S
genes yield different phylogenies, but it seems that lateral
gene transfer has replaced small segments in the rRNAs of
many actinomycete genera. This type of mosaicism,
brought about by intragenic recombination and gene
conversion, is usually restricted to genes within a bacterial
species, and such events are also thought to contribute to
the uniformity of rRNA operons within a genome.

Ring in the new

A second type of lateral transfer involves the acquisition of
new genes, which, owing to their sporadic distribution, are
generally not very useful for establishing phylogenetic
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affinities. More than in cases of homologous recombination
and gene exchange, such transfer events often supply
genes that confer novel phenotypic properties and have
resulted in the rapid adaptation of some bacterial species.

Among the most notable examples of this form of
evolution involve the conversion of benign and perfectly
reasonable bacteria into pathogens after appropriating the
proper virulence determinants [22,23]. The emergence of
a pathogen can result from the acquisition of a single gene
— not a rare event given the suspected amount of gene
transfer among bacterial species — but in the case of many
strains of pathogenic E. co/i, virulence has resulted from an
elaborate series of events that occurred independently in
different lincages.

Shigella, the etiologic agent of bacillary dysentery, has long
been known to be closely allied to E. co/i; and, in fact, the
Shigellae would more aptly be classified as pathogenic
sublineages of E. co/i because the genetic variation within
the four species of Shigella is encompassed within the range
detected in natural populations of E. co/i. Furthermore, most
Shigella species are polyphyletic; that is, each comprises
isolates that arose from more than one ancestral lineage of
E. coli [24-26]. The multiple independent origins of Shigella
from different strains of E. co/i are all the more surprising
given the number and nature of genes that distinguish
Shigella from nonpathogenic E. co/i: all strains of Shigella
carry a large virulence plasmid and at least two chromo-
somally encoded pathogenicity islands. And in addition to
these acquired virulence elements, all Shigellae have deleted
or inactivated genes whose products suppress virulence.

A similar situation has occurred in other enteropathogenic
and enterohaemorragic strains of K. co/i, including the
virulent food-borne pathogen E. co/i O157:H7. Reid er al.
[27°°] carried out an MLST study that shows that pathogenic
E. coli strains are evolving more or less independently
and not freely exchanging genes with one another. They
super-imposed the incidence of several known virulence
determinants onto the resulting strain phylogeny. The
distribution provided clear evidence that virulence is a recent
and derived condition, and that many existing F. co/i lineages
acquired the same virulence factors in parallel, suggesting
that they have a selective advantage for accumulating certain
combinations of factors that increase virulence.

The resonance of things past

The shear amount of data coming from genome sequencing
projects, along with the still rather limited number of com-
pletely sequenced organisms, has led to the application of
several alternative methods for inferring cases of lateral
gene transfer. For example, recent elucidation of the
complete sequence of K. co/i O157:H7 yielded more than
1300 genes that were not present in the £. co/i K-12 labora-
tory strain, and several of the larger O157-specific regions
included phage-related sequences and were adjacent to
transfer RNA loci that are known sites for the integration of
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bacteriophage [28°]. Similarly, the genome sequence of
Streprococcus pyogenes — the bacterial pathogen responsible
for several human diseases, including toxic shock
syndrome, scarlet fever and rheumatic fever — revealed
several prophage-associated virulence regions [29].

Because lateral transfer can result in genes that display an
unusually high degree of similarity to those in a distantly
related lineage, the most common method of recognizing
acquired genes has been through database searches. The
closest matches from such searches are likely to be genes
from other fully sequenced genomes because these
constitute a disproportionate number of annotated but
unassigned open reading frames, and because transfer
events most probably involve novel, rather than universally
distributed, sequences.

On the basis of BLAST searches, large proportions of the
genomes of Aquifex aeolicus [30], Thermotoga maritima [31]
and  Thermoplasma acidophilum [32] comprise laterally
transferred genes, with many of the acquired genes most
similar in their protein sequences to those present in
very distantly related organisms inhabiting similar environ-
ments. However, BLAST indices are based on regions of
similarity between DNA or protein sequences [33], and the
most closely related sequences arising from database
searches need not be from the closest phylogenetic relative,
partly due to the sporadic representation of sequenced
organisms in current databases [34]. The same type of
analysis of the complete human genome sequence yielded
more than a hundred genes whose ‘best-hit’ similarities
(i.e. BLAST scores) and absence from non-vertebrate
eukaryotes seemed indicative of direct transfer from bacteria
to vertebrates [35°°]. Such events demand transfer into the
vertebrate germ line to persist; therefore, although this is a
relatively low number of acquired genes by bacterial
standards, these findings are extraordinary. It should be
noted, however, that these results are subject to numerous
sources of error and the number of putative cases of bacteria
to vertebrate transfer seems vastly overestimated [36°°-38°°].

Conclusions

Analysis of complete genomic sequences is bolstering the
view that lateral gene transfer has had an extraordinary
impact on bacterial genomes. But to what extent is this the
consequence of the sample of microorganisms for which
genome sequences are available and of the procedures used
to infer lateral gene transfer? It is certain that some cases of
gene transfer are tentative, especially among those identi-
fied solely on the basis of similarity searches, but the fact is
that a bacterial genome completely unaffected by this mode
of evolution and devoid of laterally transferred sequences
would be rare. So far, the only genomes that seem to
be ‘frozen’ are those of the human pathogen Mycoplasma
genitalium and the aphid endosymbiont Buchnera aphidicola,
both of which are very reduced in size and exist under eco-
logical conditions that hinder gene acquisition and exchange
[39-41]. However, the overwhelming majority of bacterial

species do not reside in such environments, and have
opportunities for contact with other microorganisms (either
directly or through transmissible elements) and genomes
that accommodate exogenous DNA.
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