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The initial analysis of complete genomes has suggested that

horizontal gene transfer events are very frequent between

microorganisms. This could potentially render the inference,

and even the concept itself, of the organismal phylogeny

impossible. However, a coherent phylogenetic pattern has

recently emerged from an analysis of about a hundred genes,

the so-called ‘core’, strongly suggesting that it is possible to

infer the phylogeny of prokaryotes. Also, estimation of the

frequency of horizontal gene transfers at the genome level in a

phylogenetic context seems to indicate that it is rather low,

although of significant biological impact. Nevertheless, it

should be emphasized that the history of microorganisms

cannot be properly represented by the phylogeny of the

core, which represents only a tiny fraction of the genome.

This history, even if horizontal gene transfers are rare,

should be represented by a network surrounding the

core phylogeny.
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Introduction
Horizontal (or lateral) gene transfer (HGT) is commonly

assumed to be an important, if not the dominant, force in

shaping prokaryotic genomes [1–5,6�]. However, in spite

of a tremendous number of publications, its actual con-

tribution and consequences remain highly debated [7�,8�].
In fact, since its first recognition the assumed role of HGTs

in prokaryotic evolution has changed many times [1]. But

in the late nineties, the discovery of potentially massive

gene exchanges in completely sequenced genomes shifted

the paradigm again [9].

This resurrection was based mainly on the observation of

deviant nucleotide composition and anomalous phyloge-

netic distribution (in particular, variation of gene content

between closely related organisms) suggesting that a large

proportion of genes (up to 20%) can be rapidly exchanged

[10,11�,12�]. Therefore, if all the genes are equally sub-

jected to HGT, this implies that foreign DNA could

replace a complete genome in only a few hundred million

years [13], erasing any evidence of ancient vertical inheri-

tance. Doolittle followed this idea through and suggested

that ‘the history of life cannot be properly represented as

a tree’ [9]. Following this statement, numerous reviews

and commentary papers were devoted to this subject (e.g.

[1–5,14,15�,16,17]) and some extreme viewpoints were

proposed including ‘it is clear that genes have flowed

through the biosphere, as in a global organism’ [18]. How-

ever, until recently, relatively few primary papers have

addressed the fundamental questions of how to detect an

HGT, how many HGTs have occurred, and whether all

the genes/taxa are equally affected?

In this paper, we first review the recent progress in

detecting and quantifying HGTs. We focus then on

HGT impacts and consequences on phylogenetics, and

conclude by reviewing evidence against, and in favor, of

a universal tree of life.

How to detect horizontal gene transfers
Most of the methods for detecting HGT fall into four

categories: deviant composition, anomalous phylogenetic

distribution, abnormal sequence similarity (i.e. greatest

similarity with a gene from a distantly related species) and

incongruent phylogenetic trees (reviewed in [16,19,20]).

However, the number of overlapping putatively trans-

ferred genes detected by these approaches can be smaller

than that expected by chance alone [21]. It is possible that

the variability in outcome of these methods demonstrates

more a difference in the targeted HGTs than inconsis-

tency. For example, it is not surprising that HGTs

revealed by phylogenetic analyses and involving ortho-

logous gene replacement will not be detected by methods

focusing on anomalous phylogenetic distribution. Like-

wise, we cannot expect to detect, via deviant GC content

methods, HGTs between two very distant GC-rich bac-

teria. Thus, depending on the methods, different types

and relative ages of HGTs will be detected [21,22].

Current methods can also be flawed by many false-

positives. For example, intragenomic base content varia-

tions may bias detection based on GC content abnorm-

ality [23,24�]. When considering HGTs detected through

BLAST similarity, variability in the rates of evolution
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or even genome size have been shown to greatly affect

results [25]. Koski and Golding [26] even stated that

‘genes appearing to be the most similar based on BLAST

hits are often not each others closest relative phylo-

genetically’. Similarly, products of phylogenetic based

methods may be incongruent just because of tree recon-

struction artifacts. For example, genes encoded by plastid

genomes, for which HGTs are highly unlikely, yield

significantly incongruent phylogenies [27]. Thus, the

most reliable inference of recent HGTs is where a gene

is present in one genome but not in several closely related

genomes (anomalous phylogenetic distribution), because

assuming a vertical inheritance would imply several inde-

pendent losses. However, even if this method is unlikely

to be prone to artifacts, orthologous replacement (i.e. one

gene being supplanted by a homolog of a different origin)

will not be detected and operators will still have to decide

how many independent losses are too many. More impor-

tantly, HGTs are as such very recent and so it is difficult

to know if they will be fixed in the population (see below).

Albeit difficult in practice, phylogenetic inference re-

mains the best way to detect fixed HGT.

As trivial as this might seem, we should always keep in

mind that most of the genes contain too little signal to

identify HGTs. In particular, many genes have evolved so

rapidly that they simply cannot be aligned even between

closely related organisms, others contain only a limited

conserved region, which contains little phylogenetic sig-

nal and finally others are present in less than four taxa (the

minimum number of taxa required to have potentially

different trees, as under this number at most one tree

exists). Therefore, all phylogenetic analyses, even at the

genome scale, will deal with a small portion of genes con-

tained in the genome and not address the frequency of

HGTs for the majority of the genes.

How to quantify horizontal gene transfers
Two recent studies have tried to assess the amount of

HGTs using anomalous phylogenetic pattern techni-

ques [7�,8�]. The first analyzed six Archaea and eleven

Proteobacteria [7�] while the second examined 26 taxa

spanning the three domains of life [8�]. Both approaches

used parsimony-based criterion to identify the respec-

tive number of genes vertically inherited, lost and lat-

erally transmitted. After selecting all sets of orthologous

genes contained by these organisms (custom made [7�] or

extracted from the clusters of orthologous groups of

proteins (COG) database [8�]), they reconstructed for

each gene the most parsimonious evolutionary scenario

(i.e. requiring the least loss and HGT). Whatever the

penalty given to HGT (relative to gene loss), the number

of horizontally transferred genes was found to be less

than 10% of the number of vertically inherited genes

[7�]. Similarly, for the set of 26 taxa, a mean of slightly

more than one HGT per gene family was computed [8�].
However, it is more surprising that they produced fairly

different results considering HGT versus gene loss pre-

dominance. Snel and co-workers [7�] for instance con-

cluded that ‘although it is necessary to invoke HGT to

explain the content of present day genomes, gene loss,

gene genesis and simple vertical inheritance are quanti-

tatively the most dominant processes in shaping the

genome’. Alternatively, Mirkin et al. [8�] stated that

‘their results seem to be compatible with approximately

equal likelihoods of HGT and gene loss in the evolution

of prokaryotes’.

Obviously, these two analyses are rather simplistic in their

design. First, vertical inheritance is supposed to have no

cost, a sensible assumption but one that should prevent

the assessment of frequency of HGT over vertical des-

cent. Second, and perhaps more importantly, branch

lengths of the organismal topology and the history of

the gene family are not taken into account, nor are

orthologous replacements. Most of these limitations,

inherent to parsimony methods, could be dealt with by

using Likelihood or Bayesian models (i.e. for any given

gene, the cost of an event could be inversely proportional

to its frequency and events could be made more likely

along long branches). Furthermore, it remains possible

that their conclusions cannot be generalized and only

represent particularities of their data (taxa and set of

orthologous genes). However, they definitively represent

interesting new and global ways to decipher between the

multiple forces of prokaryotic evolution.

Major impact of horizontal gene transfer
on phylogeny
It should be emphasized that HGTs, even if they are rare,

have a major impact on phylogenetic inference. Figure 1

Figure 1
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Phylogenetic incongruities generated by horizontal transfers. Orange and

Blue arrows highlight two hypothetical horizontal gene transfers

(HGTs) affecting genes 1 and 2, respectively. As illustrated in the bottom

part, the resulting phylogenies will be completely incongruent (no partition

in common), although the number of HGTs invoked is limited.
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shows two genes that have followed exactly the same

history except for one HGT in each. As a result, phylo-

genies inferred from gene 1 and from gene 2 are com-

pletely incongruent (i.e. there is no grouping of taxa or

‘partition’ in common). Moreover, in practice, the level of

incongruities is amplified by the effect of tree reconstruc-

tion artifacts. Therefore, contrary to common belief,

observing highly incongruent phylogenies is not obliga-

tory evidence of massive HGTs. Because of the major

impact of HGTs on phylogenetic structure, even a small

amount of transfers can be highly problematic and could

be sufficient to prevent the use of a tree to represent the

evolution of prokaryotes.

If a gene is transferred into a genome that contains a

homolog (not necessarily an ortholog), it is possible that

the two copies undergo homologous recombination, lead-

ing to a chimerical gene. In this case, a network is the

valid mathematical representation of the evolution of this

gene. This problem is well known in population biology,

particularly for viruses (e.g. [28]). Several methods have

been devised for detecting recombination and appear to

be efficient, especially on a small evolutionary scale (see

[29] for review). Homologous recombination mainly

occurs between members of a population and this should

not seriously affect phylogenetic inference at high taxo-

nomic level.

However, reality is much more complex because some

gene portions are highly conserved, because of strong

functional pressure, and homologous genes from very

distantly related organisms can therefore undergo homo-

logous recombination. This is particularly problematic

because these highly conserved genes (e.g. rRNA, elon-

gation factors and HSP70) are often used to infer orga-

nismal phylogeny, precisely because of this conservation

that facilitates alignment. Only very few examples of

recombination between distantly related genes have been

reported so far: for chaperonin within Archaea [30], for

rRNA within high GC Gram-positive bacteria [31] and

Rhizobia [32]. Nevertheless, one should note that this

kind of recombination is very difficult to detect. For

instance, a highly conserved segment of only 100 nucleo-

tides recombined for a rRNA gene will generate very few

(e.g. five) positions showing an incongruent phylogenetic

pattern over 1500 positions. This number can be of the

same order of magnitude that is expected randomly by

multiple independent substitutions (homoplasy) and it

will be almost impossible to find significant evidence in

favor of the recombination hypothesis. In practice, recom-

bination is much easier to recover when at least a diver-

gent region is involved. Thus, recombination is likely to

be a minor problem when inferring phylogeny between

very distantly related organisms, but surely adds some

noise in the dataset. However, as shown recently [32],

because of recombination, it is not possible to infer

organismal phylogeny from a single gene.

Because of HGTs, it has been stated that ‘the history of

life cannot properly be represented as a tree’ [9]. How-

ever, it is important to look at not only the evolution of the

genomes but also the evolution of membranes [33]. The

fusion of organisms is highly exceptional (if we exclude

hybridization between closely related taxa). Therefore, at

the level of the membranes, the history of life has to be

represented as a tree and debate centers on whether it is

possible to infer the membrane-phylogeny (or envelope

phylogeny) from information contained in the genome

and on whether it is meaningful to use the membrane-

phylogeny if HGTs are rampant.

An emerging picture
Several phylogenetic analyses at the genome level (or at

large scale) have been performed and, with a few excep-

tions, lead to the inference of a phylogenetic structure in

good agreement with the one inferred from rRNA. These

analyses can be classified in two categories depending on

the primary information used: gene presence/absence or

gene sequence comparison.

Gene-based evidence

In the first category, orthologous genes are detected

through BLAST search (e.g. the COG database [34])

and constitute the elements of the data matrix. The

information for inferring phylogeny is the presence/

absence of genes (gene content) or of pairs of orthologous

genes (gene order) and the tree can be inferred with

distance and maximum parsimony methods. The gene

order phylogenies (which can be applied only to prokar-

yotes) are the least in agreement with the rRNA tree,

especially at large evolutionary scale. This is due to the

fact that gene order evolved rapidly, because of numerous

gene rearrangements (e.g. [35]). Therefore, the saturation

level is reached because of multiple rearrangements

affecting the same gene and the phylogenetic signal

has disappeared. HGTs also add noise to the gene order

phylogeny. This could be very problematic as operons are

often transferred on block [36] (only the whole operon

generally provides a selective advantage by furnishing

new metabolic capacities), simultaneously generating

several aberrant gene pairs.

Phylogenies based on gene content usually display

greater agreement with the rRNA tree. In particular,

the monophyly of the three domains of life is always

recovered, and the monophyly of the major phyla

(e.g. Spirochaetes and low GC Gram-positive bacteria)

is generally found. However, when HGTs are frequent

between two particular lineages (e.g. between Thermo-

plasmatales and Sulfolobales or between hyperthermo-

philic bacteria and archaea), the gene content trees are

biased and tend to cluster these groups, even if they are

not closely related (as defined by small subunit [SSU]

rRNA). For example, the branching order within the

Bacteria is biased because of similarities between
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hyperthermophilic bacteria and archaea, yielding to the

early emergence of Aquifex and Thermotoga [37]. In addi-

tion, gene loss can also generate artifacts, as proposed in

the case of the Mycoplasma [38�] and of Caenorhabditis [37].

Despite methodological efforts, in particular the use of

homologs instead of orthologs [37], the problems in

phylogenetic inference generated by differential HGTs

and gene loss have not been overcome. In fact, the rare

incongruities between gene content trees and the rRNA

tree have been proposed as a way to detect massive

HGTs [39�].

Alignment based evidence

As underlined a long time ago [40,41], the best evidence

in favor of the existence of a tree of life is that different

markers provide essentially the same tree. Although it

was already possible to make this test at the genome level

several years ago, only a few studies have recently been

published, because phylogenetic analyses are difficult to

automate. The first limitation is the selection of the

genes. Orthologs can be automatically detected as best

reciprocal BLAST hits [42] or as homologs present only

once in all the studied genomes (tolerating multiple

copies only when they are very similar) [43��]. These

approaches have been criticized, as a closest blast hit does

not imply phylogenetic proximity [26] and time-consum-

ing phylogenetic analysis should be preferred [44��].
However, as a large number of genes are used, some

errors in orthology establishment are likely to have lim-

ited impact. The second limitation concerns the align-

ment and the selection of the homologous segments, the

so-called ‘unambiguously aligned regions’, and is more

problematic. Alignments are performed automatically

and generally refined manually. The ambiguous regions

were conserved [42,45,46] and manually [44��,47] or

automatically [43��] removed. This variation may have

a significant impact on the phylogeny, and recent pro-

gresses, in particular in the selection of unambiguously

aligned regions [48–50], will improve future studies and

facilitate their comparison.

Some multigene approaches [42,45,46,51] suggest that

there is no phylogenetic structure, at least among some

major prokaryotic groups. They observe that the different

possible topologies (three for four taxa and 15 for five

taxa) are recovered by a similar number of genes. How-

ever, phylogenies with a limited number of taxa are

difficult to infer, and it is common to see the very same

gene supporting different topologies when the taxa sam-

ple is modified [52,53]. This cannot be leveled as a

criticism of Nesbo et al. [51] who analyzed many of the

strongly conflicting genes with many more species as a

control for this. But, in the case of the results of Raymond

et al. [46], the taxa sample problem is significant (Douady

and Philippe, unpublished results). More importantly, the

selected taxa often belong to groups for which rRNA

suggests that their successive divergences occurred rela-

tively rapidly. With a phylogeny displaying a short inter-

nal branch and long terminal branches, one expects that

stochastic effects and also the impact of tree reconstruc-

tion artifacts are very important and therefore that dif-

ferent genes support different topologies, just because of

their short size. Indeed, the very same pattern was

observed for plastid genes, for which HGTs are very

unlikely [27]. A reanalysis of the 188 genes used by

Raymond et al. [46] shows that almost none of the

phylogenies are significantly supported (Douady and

Philippe, unpublished results). By contrast, if the same

approach is applied to taxa for which the internal branches

are long, the various genes, in their great majority, provide

strong support for a single phylogenetic tree ([45] and

Douady and Philippe, unpublished results). Thus, the

lack of preferential support for a single phylogeny

[42,45,46] could be due to the lack of phylogenetic signal

(i.e. speciation events closely spaced in time) and to

limitations of tree reconstruction methods, and should

not be viewed as direct evidence of rampant HGT.

By contrast, other multigene approaches that are based on

a much larger taxonomic sampling (about 40 taxa) yielded

a very similar and congruent topology with rRNA phy-

logeny [43��,44��,47,54]. Combinations of information

from different genes have been performed either before

phylogenetic reconstruction, through concatenation of

the sequences, or after, through a supertree approach.

Supertree combines phylogenetic trees inferred from

different sets of taxa into a single phylogeny that contains

all the taxa [55]. Using 730 genes, Daubin et al. [43��]
inferred a supertree in which all the major groups (the

three domains Eukarya, Archaea and Bacteria, low GC

Gram-positives, High GC Gram-positives, Spirochaeta,

Proteobacteria, Crenarchaeota and Euryarchaeota) were

found to be monophyletic. Using a more limited sampling

of 23 genes (because of the stringent criterion requiring

the presence of a single copy in all of the 45 taxa studied),

Brown et al. [47] obtained the same results from the

analysis of the concatenated sequences. However, the

relationships between the major bacterial phyla were

different, but always poorly supported. Brochier and

co-workers [44��,54] analyzed Bacteria and Archaea sepa-

rately to reduce the impact of tree reconstruction limita-

tions (especially the long branch attraction phenomenon

generated by the very long branches connecting the three

domains) and focused on the proteins involved in transla-

tion. In these studies, the protein-based phylogenies were

compared with trees based on large subunit (LSU) and

SSU rRNA for the same set of taxa. Except for the fast

evolving Mycoplasma and the weakly supported inter-

phyla relationships, the two phylogenies were identical.

Consequences for prokaryotic genome
evolution
The very good congruence between phylogenies

depicted by Daubin, Brown and Brochier, obtained from
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different datasets with slightly different approaches,

strongly suggests the persistence of a phylogenetic signal,

despite HGTs. However, a tree based on the concatena-

tion of various genes infers the average of the histories

contained in each gene and does not demonstrate that

each gene underwent the same history. In fact, Brochier

et al. [44��] concatenated genes that are likely to have

experienced HGTs (e.g. tRNA synthetases) and the

corresponding phylogeny was very similar to the rRNA

tree, albeit to a lesser extent than for the tree based on a

concatenation of genes selected a priori without HGTs

(e.g. ribosomal proteins). It is therefore of prime impor-

tance to verify that each gene of the concatenation has

followed the same history (except for stochastic effects

and tree reconstruction artifacts). Only two methods have

been developed and applied to a large set of genes. In the

first, each gene is described by the likelihood values for a

representative set of topologies and the results are sum-

marized through a principal component analysis to a

two-dimensional scatter plot [44��]. In the second, the

Robinson-Foulds topological distance between the phy-

logenies inferred from two genes is computed and the

resulting matrix for all the pairs of genes is displayed by a

principal coordinates analysis [43��]. Both methods sug-

gest that a significant proportion of the genes used have

undergone the same phylogenetic history and that a few

detectable HGTs have affected the remaining ones.

Thus, it seems that genes could pertain to three cate-

gories: the hard core that is composed of genes that are

never transferred (or at least not transferred at the con-

sidered scale), the soft core with genes rarely transferred

(maybe about one atypical node out of 100) and the shell

genes where all genes susceptible to HGTs belong and

for convenience sake all genes that do not contain enough

information to be classified as core genes.

Conclusions
There is a big ideological and rhetorical gap between

researchers believing that HGTs are so frequent that

phylogeny is useless and others believing that HGTs

are rare and constitute an additional minor noise when

inferring phylogeny. Clearly, the heterogeneity of gen-

ome composition between closely related strains (only

40% of the genes in common with three E. coli strains

[11�]) and the very congruent phylogenetic structure

inferred from �100 genes represent convincing evidence

in favor of these two extreme opinions, which should

nevertheless be reconciled.

Clearly, a simple answer to this paradox is that these

genes correspond to two different classes (the shell and

the core). The core of genes that underwent no (or very

few) HGTs can be used to infer what most would assume

to be the ‘membrane’ phylogeny. However, if one wants

to fully understand prokaryotic genome evolution we will

need to develop new tools (such as networked trees) that

allow mapping of shell-gene history onto the ‘core’ tree.

Equating the core phylogeny with the tree of life when

soft and hard core genes together are likely to represent

only 1–5% of the genome is not satisfying. As Doolittle

points out (personal communication) this would be

equivalent of claiming that mitochondrial genes, because

they have (or should have) the same phylogenies represent

the true tree by which we should relate living humans.

Gogarten et al. [15�] suggested a way to reconcile recur-

rent pattern and rampant HGTs. This would become

possible if taxa were to exchange preferentially between

themselves and that the frequency of transfer was the

structural signal itself. Two taxa are more similar than a

third one, not because they share a more recent common

ancestor, but because they exchange genes more fre-

quently than with the third one. In its present formula-

tion, this hypothesis is rather difficult to test, especially as

the evolution of the process over time has not been made

explicit, but it provides an interesting alternative.

A contrasting view is that most of the genes contained in

one genome, but not in closely related ones, are in fact

only transiently present in the genome and will never be

fixed in the population. In fact, even if some HGTs ac-

celerate genome innovation [6�,10,15�], the great majority

of HGTs may be neutral (and perhaps often deleterious)

and the corresponding genes are rapidly lost through in-

activating mutations. Interestingly, bacteriophages could

constitute the reservoir for these strain-specific genes

[56,57�], providing a continuous influx of genes for which

the fate is almost always rapid disappearance.

In any case, it is of prime interest to estimate the fre-

quency of fixed HGTs. There is little doubt that global

research programs, such as those initiated by the groups

of Huynen and Koonin [7�,8�], will work towards more

realistic assumptions, making full use of the power of

probabilistic phylogenetic inference methods (see [58]).

It will be equally crucial to determine if HGT frequency

can fluctuate over time and with which amplitude. The

significance of HGTs both in terms of topological rear-

rangement (Figure 1) and biological impact [59] will have

to be further accessed, as should be the HGT fixation rate

between closely related taxa versus ecological neighbors.

However, other directions such as improvement of the

phylogenetic methods and the pursuit of data acquisition

should remain a top priority, especially if our goal is to

understand prokaryotic evolution and not only evolution

of pathogenic organisms (e.g. [12�]).

In conclusion, let us assume that HGTs are rare, for

instance one successful HGT per million years (MY)

per lineage. During the evolution of prokaryotes (at least

2000 MY), a lineage will have acquired at least 2000 genes

by HGTs. As the genome size of prokaryotes is likely to

have remained fairly constant throughout time (a few

thousand genes), this indicates that about half of the
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genome of a given lineage does not have the same history

as the ‘envelope phylogeny’ (inferred from the core

genes). If we take a much greater value of 100 successful

HGTs per MY, at least 200 000 HGTs will have occurred

and the history of the genome would be almost completely

different from the phylogeny of the cores (Figure 2). Yet,

it should be noted that a rate of 100 HGTs per MY equates

to roughly one HGT for one million cell divisions (vertical

inheritance), which is still extremely low. Therefore, even

if recent work has been able to infer the envelope phy-

logeny from the core genes and if HGTs turn out to be

extremely rare (one per MY), the history of prokaryotes

(especially their genomes) cannot be represented by a

phylogeny, but should be represented by a large network,

surrounding a thin scaffold envelope (Figure 2).

Update
A recent work presented by Daubin et al. [60] seems to

deny HGT preponderance in prokaryotic genome evolu-

tion. The analysis of seven sets of four genomes from

closely related species revealed that orthologous genes

yielded almost exclusively phylogenies either congruent

with the rRNA tree or unresolved. Less than 1% of the

phylogenies are incongruent, except for Rhizobia (5%)

and Streptococci (23%), suggesting that HGTs rarely

affect orthologous genes. However, a large number of

genes (between 200 and 1200, depending on the set of

species) have been acquired by HGTs. This is in excel-

lent agreement with previous works that show the impor-

tance of HGTs and the existence of a core of non-

transferred genes. But the analyses of Daubin et al.
[60] exclusively focus on a very low taxonomic level

(the top part of Figure 2) and extrapolating their conclu-

sion to the history of prokaryotes may be hazardous.
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