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Abstract Contrary to a widespread opinion, horizontal

gene transfer (HGT) between distantly related microor-

ganisms (such as Bacteria and Archaea) has not been

demonstrated to occur on a large scale. Except for transfer

of mobile elements between closely related organisms,

most alleged HGT events reflect phylogenetic discrepan-

cies that can be explained by a variety of artefacts or by the

differential loss of paralogous gene copies either originally

present in the Last Universal Common Ancestor (LUCA)

to the three Domains (a sophisticated, genetically redun-

dant and promiscuous community of protoeukaryotes), or

created by duplications having occurred at later times.

Besides, (i) there is no experimental evidence for the facile

acquisition of foreign DNA between distant taxa and (ii)

important biological constraints operate on the phenotypic

success of genetic exchange at several levels, including

protein–protein interactions involved in metabolic chan-

nelling; stable integration and expression of foreign DNA

is, therefore, expected to require strong selection.

Explaining phylogenetic discrepancies by artefacts or loss

of paralogs does not eliminate difficulties in retracing

species genealogy but maintains the picture of a universal

tree of life, HGT between distant organisms being reduced

to a trickle. We illustrate our thesis by the phylogenetic

analysis of carbamoyltransferases, a family of paralogous

proteins. Among higher eukaryotes HGT appears of limited

scope except in asexual organisms. We suggest that meiotic

sexuality (a hallmark of eukaryotes) emerged in the

genetically redundant and protoeukaryotic LUCA as a

molecular identity check providing a defence mechanism

against the deleterious effects of HGT.
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Meiosis

Introduction

It is more and more fashionable to underline the impor-

tance of horizontal gene transfer (HGT) in comparisons of

genomes and related evolutionary studies. In nearly most

cases, observing a discrepancy in the phylogenetic tree of a

particular protein family triggers the reflex to conclude that

the anomalous grouping of two species that are taxonom-

ically unrelated is due to HGT.

However, it is not always appreciated how stringently

phenotypic constraints may operate on genetic exchange

between microorganisms. Efficiency of microbial metabo-

lism, of growth and of cell division requires a high degree

of coordination within a complex but highly ordered net-

work of functions. Thanks to partial redundancy and to

homeostatic regulatory mechanisms, the latter is relatively

robust. Nevertheless, even minor disturbances, not always

easy to identify, can prevent this network to function

optimally. For example, among recombinants obtained

between non-isogenic strains of the same bacterial species,
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the growth rate may vary substantially; this is a serious

matter because a mere 10% difference in doubling time

between two microbial strains dividing in about 60 min

will result in a two-fold difference in cell number after only

10 generations. It is thus clear that however robust the cell

functional network may be, it is constantly under selection

against any departure from the operational balance fitting a

given environment. By the same token, it appears unlikely

that any substantial amount of DNA could pass from one

species to a different one without exerting an effect on

survival of the recipient and thus becoming subject to

selection. For DNA of foreign origin to efficiently con-

tribute to the survival of a particular organism, it would

have to generate an advantageous phenotype. Moreover,

only strong selection could bypass the natural restrictions

imposed by various mechanisms on the integrity, expres-

sion and integration of foreign DNA.

These considerations constitute a serious but often

neglected caveat to consider when discussing the role that

HGT may have played in the course of evolution. In the

following sections, we will (i) discuss the type of evidence

usually produced to support this proposal, (ii) consider

alternative explanations, (iii) emphasize the necessity of

efficient safeguards against genetic promiscuity, (iv)

examine evidence to this effect and (v) discuss how Ar-

chaea and Bacteria on the one hand and Eukaryotes on the

other, appear to have dealt with this necessity. We further

suggest that meiotic sexuality—a eukaryotic hallmark—

has emerged as a defence mechanism against HGT in the

cellular context of a protoeukaryotic Last Universal Com-

mon Ancestor (LUCA) after the RNA to DNA genomic

transition (see Glansdorff et al. 2008 for an exhaustive

definition of LUCA).

Challenging the Evidences Alleged to Support

the Occurrence of HGT Among Archaea and Bacteria

There are two main types of discrepancies that HGT is

assumed to explain (Ochman et al. 2000): a disparity in

DNA sequence (often a difference in G ? C content

associated with remnants of mobile elements) and a phy-

logenetic incongruity. In general, the first case corresponds

to recent events, whereas the second one is viewed as the

result of ancient transfers where differences in nucleotide

composition were progressively erased by ‘‘amelioration’’

(Lawrence and Ochman 1997).

Detecting Recent Events

The most direct evidence for a case of HGT is the associ-

ation of the gene or genes incriminated with mobile ele-

ments able to integrate into the host chromosome, such as a

plasmid, (pro)phage, transposon, integron or pathogenicity

island (for a recent review, see Zaneveld et al. 2008 and

references inside). Actual transfer, either under direct

selection or reasonably explained by selection occurs

readily between strains of the same species such as Esch-

erichia coli and, less frequently, between broadly related

organisms such as Proteobacteria or Firmicutes (Dobrindt

et al. 2003; Leplae et al. 2006). Such recent HGT events are

a well-understood cause of natural variation and have cer-

tainly contributed to shape the genomes of microorganisms

though they do not appear to bring the existence of a uni-

versal tree of life in doubt (see further).

Detecting Ancient Events: Actual HGT or Incongruences

Due to Methodological Errors?

In many instances, gene trees were found to conflict with

the species tree originally established by comparing SSU

rRNA gene sequences; this constitutes the main type of

evidence alleged to support HGT when more direct indi-

cations are not available (Boucher et al. 2003; Doolittle

1999a, b; Koonin et al. 2001). However, as it has been

stated in a seminal paper (Esser et al. 2004), asserting HGT

explanation for unexpected branching order implies ‘‘the

assumptions that the interpretation of individual gene trees

is straightforward and that the reconstruction of gene trees

is, at the extreme, infallible’’.

Different computational methods have been used to

infer from sequence comparisons whether a particular gene

appears to obey vertical transmission throughout any one

of the three Domains or, on the contrary, to have been

transferred horizontally (Beiko et al. 2005 and references

therein; Beiko and Ragan 2009). These phylogenetic

methods are liable to various types of artefacts that rapidly

become problematic when more and more divergent

sequences are being compared (Beiko and Ragan 2009).

Such is the case for a vast number of HGT alleged to have

occurred between representatives of different Domains.

Indeed, several methodological errors (Than et al. 2007;

Beiko and Ragan 2009) can lead to incongruent trees

without the need to invoke HGT. (i) With increasing

sequence divergence, it becomes more and more difficult to

correctly identify genuine orthologs (for a review, see

Kuzniar et al. 2008). Accordingly, families of orthologs are

often contaminated with hidden paralogs, leading to gene

trees that do not fit the organismal tree (Kurland et al.

2003). (ii) Lineage sorting (random genetic drift) is another

phenomenon that can lead to mistaken inference of HGT

particularly when analyzing closely related organisms,

where coalescent effects may not be ignored when recon-

ciling gene trees (Maddison, 1997; Than et al., 2007; Beiko

and Ragan, 2009). (iii) Incorrect multiple sequence align-

ments can lead to false phylogenetic inferences especially

when non-homologous residues are mistakenly aligned.
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Moreover, it has been demonstrated that the number of

aligned positions may be critical. Many ‘‘HGT’’ may arise

as a consequence of stochastic errors increasing with

decreasing alignment length (Swofford et al. 2001), and

with increasing ratios of terminal to internal branch lengths

(Philippe et al. 2005).

Barriers to DNA Integration

Besides neglecting the statistical errors summarized above,

many supporters of the prevalence of HGT are also

underestimating crucial biological parameters. For hori-

zontally transferred DNA to become successful, a number

of barriers must be overcome. For instance, ‘‘transforma-

tion proficiency does not necessarily translate into corre-

spondingly high rates of interspecific gene transfer:

although species of Haemophilus are naturally competent,

the H. influenzae Rd genome bears little foreign DNA

beyond two large prophages’’ (Ochman et al. 2000). Phage

transduction is even more restricted due to very high

selectivity of bacteriophage receptors and the efficiency of

host restriction endonucleases as a barrier against foreign

invading DNA (for reviews and references inside, see

Arber 2000; Matic et al. 1996; Murray 2002). Likewise,

mobilizable plasmids require a complex cell apparatus in

both donor and recipient to be transferred by conjugation

(for a review and references inside, see Sørensen et al.

2005).

Besides these constraints on uptake there are other

efficient barriers on DNA integration and expression (see,

for instance Navarre et al. 2006; Dorman 2007). Moreover,

successful transfer requires compatibilities of transcription

machineries (especially in the case of Bacteria and Ar-

chaea), efficient translation (Taoka et al. 2004) and, as

emphasized supra, phenotypic success, i.e. the formation of

properly regulated and efficient protein complexes, since

low dosage impedes complex formation (Deutschbauer

et al. 2005), and imbalance of complex subunits can lead to

harmful protein aggregation (Papp et al. 2003). To these

difficulties Kurland (2005) added the problem of patchi-

ness: genes horizontally transferred in one patch of a taxon

would be missing in other patches; only strong selection

would ensure survival and predominance of the horizon-

tally transferred gene in the descendants of the taxon.

Certain authors emphasized that differences appear to

exist between lineages concerning the propensity to pro-

duce the phylogenetic inconsistencies they interpret as

HGT; Boucher and Bapteste (2009) even proposed recently

to distinguish between ‘‘open’’ and ‘‘closed lineages’’. The

fact that these lineages appear interspersed along the

branches of any prokaryotic tree raises the question of how

much statistical or sampling artefacts may be responsible

for such a distinction. For example, taxa bearing different

species names such as many Enterobacteriaceae related to

E. coli, might appear as an open lineage because of the

amount of knowledge accumulated on the mobile elements

of these closely related organisms, whereas other ones, less

intensely studied, would appear genetically more isolated.

At any rate, before elaborating on the evolutionary con-

sequences of alleged differences in susceptibility to HGT

and on the extent of the phenomenon—in particular

denying the existence of a universal tree of life (Doolittle

and Bapteste, 2007)—it should be investigated whether

alternative explanations are not being neglected. Indeed,

‘‘in cases where equally if not more plausible mechanisms

exist, extraordinary events such as horizontal gene transfer

do not provide the best explanation’’ (Salzberg et al. 2001),

the more so that direct experimental evidence for wide-

spread interdomain HGT has not been forthcoming.

Lack of Experimental Evidence for Widespread,

Interdomain HGT

Evidence is not proof, yet even a cursory survey of the

literature (in particular the first sentence of many papers)

shows that the mere existence of phylogenetic inconsis-

tencies is accepted by many as a demonstration of HGT

occurrence and of the prominent role it would have played

in evolution. Rarely has the non-existence of actual (i.e.

experimental) evidence appeared to matter so little in the

interpretation of a biological phenomenon. Yet, if HGT

could occur so readily between members of distant phyla,

such as Archaea and Bacteria, or either of these and Euk-

arya, why is not the literature replete with actual demon-

strations? The answer is probably more circumstantial than

scientific: such experiments might provide negative,

unpublishable results; it is more rewarding to continue

publishing sequence comparisons and systematically con-

clude from phylogenetic inconsistencies in favour of HGT,

the more so that it would fall in a context already well-

disposed to that type of interpretation. We should hope to

witness a reversal of this tendency.

A Major Alternative to Present-Day HGT-Based

Interpretations

The Last Universal Common Ancestor (LUCA)

Was a Complex Organism

The existence of a LUCA was one of Darwin’s original

ideas (Padian 2008). In recent years, the profile of this

hypothetical precursor has undergone a marked transfor-

mation: it was conceived originally as the simple cellular

forerunner of progressively more complex entities, but

from several contributions stressing different or comple-

mentary aspects (Castresana 2001; Delaye et al. 2004;
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Forterre 1995; Glansdorff 2000, Glansdorff et al. 2008,

2009; Kandler 1994; Kurland et al. 2006; Labedan et al.

1999, 2004; Ouzounis et al. 2006; Poole et al. 1999; Wang

et al. 2007; Woese 1998, 2002) the LUCA would rather

appear to have been an already complex organism, a

member of a genetically promiscuous community of prot-

oeukaryotic cells, rich in paralogous gene copies, geneti-

cally redundant for every essential gene and ready to

undergo reductive evolution toward the simpler archaeal

and bacterial common ancestors while continuing its evo-

lution toward the eukaryotic state. Genetic redundancy

probably was a safeguard against still imperfect mecha-

nisms for the partition of genetic material between

daughter cells (Glansdorff et al. 2008) and provided

material required for the development of basic functional

innovations, largely by the ‘‘patchwork’’ mechanism of

metabolic evolution (Jensen 1976). This protoeukaryotic

LUCA announced many of the traits that we consider today

hallmarks of the eukaryotes. In a recent publication

(Glansdorff et al. 2008), we have gathered and discussed

the multifaceted evidence that favours such a conclusion

rather than the alternative of eukaryogenesis by the merger

of a bacterium and an archaeon.

Before LUCA Crystallization, a Community of Progenotes

Was Actively Exchanging Their Genetic Material

According to Woese (2002) and Vetsigian et al. (2006), the

very emergence of the communal progenote, the develop-

ment of a universal genetic code and of LUCA’s genome

rested on continuous and unrestricted HGT between cells

as yet devoid of restriction enzymes and cell walls; this

contrasts with the more vertical evolution, which members

of either of the three Domains engaged after the ‘‘crystal-

lization’’ (Woese 1998, 2002) of the LUCA into Archaea,

Bacteria and the Eukaryotic lines. From this point onwards,

we must indeed assume that HGT was drastically reduced

in order to understand the perpetuation and further differ-

entiation of well-distinct archetypes; the question is, how

much? In the present context this means: must all bonafide

phylogenetic inconsistencies be attributed to HGT, after

elimination of all possible artefacts? The answer is an

emphatic no, as discussed below.

The LUCA as a Putative Source of Ancient Paralogs

Generating Phylogenetic Inconsistencies

A genetically redundant and promiscuous LUCA popula-

tion would have been a reservoir of multiple gene copies

expected to segregate in an unpredictable way in any of the

three emerging Domains. Such a situation predicts the

emergence of ancient phylogenetic inconsistencies by a

simple mechanism: differential loss of paralogs (Labedan

et al. 1999, 2004; Glansdorff et al. 2008). Moreover, con-

sidering that gene duplications occurred again and again

during billions of years at frequencies that do not appear to

differ in prokaryotes and eukaryotes (Lynch and Conery

2003), it would be surprising if this type of event was not

the basis of a large number of phylogenetic inconsistencies;

see for example, the recurrent paralogy observed in the

evolution of archaeal chaperonins (Archibald et al. 2000)

and family B DNA polymerases (Edgell et al. 1998). We

insist that our model allows overcoming the logical con-

tradiction stated by Dagan and Martin (2007) that

‘‘although differential gene loss can account for patchy

distributions in individual instances, it cannot be invoked to

account for all such patterns, because the inferred size of

ancestral genomes would become unrealistically large’’.

Their statement is based on the so-called ‘‘genome of

Eden’’ concept (Doolittle et al. 2003), which postulates that

the LUCA was simple because primitive (Doolitle 1999b),

a view that also underestimates the incidence of gene

duplication and the existence of biological barriers to HGT.

Therefore, contrary to the assumption of Dagan and Martin

(2007), we do not have to envision the need of ‘‘incre-

mental allowance of LGT to solve the genome-of-Eden

problem’’.

It can be difficult to distinguish the loss of a paralog

from an acquisition by HGT without evidence for a specific

mechanism, such as the presence of sequences signalling

the possible intervention of a mobile element. Furthermore,

when HGT is assumed to have occurred a very long time

ago, close to the branching point between the phyla

investigated (see for example the comparative analysis of

some of the genes involved in isoprenoid biosynthesis by

Boucher et al. 2004), the interpretation of the discrepancy

comes very close indeed to the hypothesis of differential

loss of ancestral paralogs. Kunin et al. (2005) have

attempted to evaluate the roles, respectively, played by

gene loss and by HGT in genomic evolution; they con-

cluded that HGT had been over-evaluated but their analysis

did not address the specific problem of individual paralo-

gies since they focused on gene families; therefore, how

many events they classified as HGT could still be due to

loss of paralogs remains to be determined. It is however

noticeable how their approach reduces the frequency of

HGT alleged between distant taxa to ‘‘thin vines’’ on a

robust tree of life. Makarova et al. (2005), while studying

paralogous genes in eukaryotes, made a distinction

between true paralogs and ‘‘pseudo-paralogs’’ the latter

being detected by their similarity to a prokaryotic homolog;

however, this systematically eliminates from consideration

possible paralogs predating the emergence of the three

Domains from the LUCA. Last but not least, recent com-

parisons between prokaryotes and eukaryotes (in particular

higher eukaryotes, where putative HGT instances are not
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frequent, Soria-Carrasco and Castresana 2008; Galtier and

Daubin 2008), bring an important contribution to the

debate by showing that paralogy problems and phyloge-

netic artefacts strongly affect phylogenies across the three

Domains in a similar way; this minimizes the alleged

impact of HGT in prokaryotes and strengthens the concept

of a universal tree of life.

Relationships Between HGT, Core and Pan-Genome,

and Ecological Forces

It was reported that HGT (i.e. phylogenetic discrepancies

interpreted in this way) appears more frequent between

phylogenetically and/or ecologically related taxa (Gogarten

et al. 2002; Jain et al. 2003; Comas et al. 2006). This seems

at first sight reasonable and it is probable that most of the

real cases of HGT belong to this category, but it is subject

to a caveat: differential loss of paralogs will also create

phylogenetic inconsistencies among the descendants of an

ancestral cell line adapting to related environments, so that,

again, the distinction can become difficult. In fact, phylo-

genetic inconsistencies affecting taxa that are ecologically

unrelated could be best accounted for by differential loss of

paralogs, whereas inconsistencies found among taxa that

are both ecologically and phylogenetically related could in

principle be explained by either HGT or loss of paralogs.

Furthermore, the suggestion that the transferability of

genes seems to depend on their functions (Jain et al. 2003;

Nakamura et al. 2004) is subject to a similar caveat; just as

putative horizontally transferred genes, novel genes created

by duplication would be constrained by a pre-existing

metabolic organization. We would not expect finding

diverging paralogs affecting some of the core cellular

functions (such as genes involved in information process-

ing) as readily as more peripheral functions. It should be

stressed here that asserting the occurrence of a duplication

creating paralogs by looking for a genetic redundancy in a

putative ancestor is of little diagnostic value since all

organisms we can look at are modern and may have lost

genes as well.

The possible role of ecological forces in different bio-

geographical conditions has been recently examined. A

very recent and seminal paper (Reno et al. 2009) has

studied gain and loss of genetic material in genomes of

seven Sulfolobus islandicus strains living in three different

geographical locations. The biogeographical structures of

each corresponding pan-genome show a ‘‘spatial partition

of the variable gene pool between distinct geothermal

regions with local adaptation and dramatically slow gene

flows’’. The role of HGT in defining the distribution of the

variable genes is strictly limited to a ‘‘recent strain-specific

integration of mobile elements’’. Interestingly, these results

contrast to previous suggestion that environmental

differences rather than geographical isolation drive differ-

ences in gene content (Grogan et al. 2008). Such data

underlines the biological barriers to free diffusion of

mobile elements from divergent species among distantly

located taxa, contradicting the current model proposed by

HGT advocates.

Evidence for Loss of Ancestral Paralogs

In the above, we have shown that a large proportion of

phylogenetic inconsistencies, when they are not statistical

artefacts, could in principle be attributed to other causes

than HGT, differential loss of paralogs, ancient or recent,

being the most obvious one. Accordingly, we are now

providing a case study where structural characteristics of

enzymes displaying a polyphyletic tree provide specific

insight. This analysis also emphasizes the importance of

protein–protein interactions for the integration of a foreign

gene in the cellular network. It could become a model to

evaluate loss of paralogs versus HGT whenever compara-

ble evidence could be obtained (Barba et al. in

preparation).

Our hypothesis of differential loss of paralogous copies

was presented as the conclusion of a comparative analysis

of the genes involved in the metabolism of carbamoyl-

phosphate (Labedan et al. 1999; 2004), a key component in

the biosynthesis of arginine and pyrimidines. On the basis

of several hundreds of supplementary sequences, we can

confirm these conclusions that are summarized below and

will be published in detail elsewhere (Barba et al. in

preparation).

Aspartate carbamoyltransferases (ATCases) occur in

different structural classes according to the mode of asso-

ciation of the catalytic PyrB subunit with other polypep-

tides (either dihydroorotase (PyrC) in class A or the PyrI

regulatory subunit in class B) or its occurrence as a free

trimeric protein (class C). The PyrB phylogenetic tree is

not congruent with the SSU rRNA tree; an almost complete

correlation was nevertheless observed between this poly-

phyletic pattern and the different structural classes of

ATCase; this correlation is important because it confers

biological significance to the pyrB tree, providing a kind of

internal control against the artefacts of tree construction

that plague many other analyses. Most importantly, the tree

becomes coherent when we consider (i) that the LUCA was

genetically redundant and contained at least two copies of

the ATCase catalytic gene, (ii) gene losses occurred inde-

pendently in different lineages. This pattern of differential

extinctions of paralogous copies explains the data in a more

straightforward way than does HGT. It can also explain

similar evolution of the paralogous ornithine carbamoyl-

transferase (OTCase) into different families that also des-

cend from an ancestral gene that was already duplicated in
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LUCA. Therefore, the primordial gene duplication of an

ancestral carbamoyltransferase occurred in ancestors of

LUCA (Labedan et al. 1999).

A HGT-based interpretation of the ATCase polyphyletic

pattern would not only assume the occurrence of many ad

hoc, independent, events (many of them counterintuitive

ecologically) but also the systematic replacement of a

resident gene by an often distantly related homolog

whereas, even in the case of selection pressure arising from

accidental loss, retrieval by a gene from a cell of the same

species or from a closely related organism would be by far

more likely. Besides, the differences between Archaea and

Bacteria regarding promotor structure and transcription

machinery would preclude efficient expression of genes

transferred from another Domain.

Another major concern about interpreting the carba-

moyltransferase tree by multiple HGT is the uniform car-

bamoyltransferase pattern found among Archaea. Indeed, if

HGT is as frequent between Archaea and Bacteria as

assumed in many discussions, why do we not find any ar-

chaeon with another ATCase than a class B one and why is

the ATCase I group (which comprises the related A and C

classes) confined to Bacteria? Current ideas on the pro-

pensity of HGT to swap genes around fail to explain such a

pattern. Rather it would appear that the emergence of Ar-

chaea proceeded through a bottleneck (perhaps related to

their appearance by thermoreduction, Xu and Glansdorff

2002; Glansdorff et al. 2008) selecting only one ATCase

paralog, whereas the reductive evolution leading to Bacteria

would have been less restrictive.

Still another feature uncovered with carbamoyltrans-

ferases but of possible general significance would disfavour

HGT. Carbamoylphosphate synthetases and carbamoyl-

transferases interact physically to channel the unstable

carbamoylphosphate (CP) molecule (Massant et al. 2002;

Massant and Glansdorff 2005). It is very likely that the

cognate protein interactions are stereospecific; therefore,

the replacement by HGT of an ATCase of a particular class

by another one would be discriminated against (see supra

our discussion of the difficulty of horizontally transferred

genes to integrate an interaction network, as also under-

lined by Papp et al. (2003), Deutschbauer et al. (2005) and

Lercher and Pal (2008)). This type of constraint may act

even on the replacement of enzymes of one and the same

structural class; in that case, it may be weaker but not

necessarily negligible. In fact, it was shown that replacing

the yeast inactive dihydroorotase (DHOase) domain of the

multifunctional CAD protein by the active DHOase

domain of the mammalian CAD considerably impairs CP

channelling and that all other chimeric constructions alter it

significantly (Serre et al. 1998). Metabolic channelling is a

phenomenon of general significance (Ovádi and Srere

2000); HGT would easily disturb specific interactions

between proteins operating in the same metabolic channel.

In keeping with the present analysis, Lercher and Pal

(2008) pointed out that among enterobacteria, susceptibil-

ity to HGT appears negatively correlated with the degree of

integration of the corresponding protein in the cellular

interaction network, full integration requiring millions of

years. Granting that at least some of the genes they iden-

tified were true cases of HGT (a reasonable assumption

given the rather high degree of relatedness of the organisms

investigated), this suggests that they were cotransferred

with other, not identified genes under selection pressure.

Such integration constraints are reminiscent of a well-

known concept about isolating mechanisms in eukaryotes:

Mayr (1954) suggested that genomes are made of coa-

dapted gene complexes, which resisted changes and that the

selective value of a single allele depended greatly upon the

overall genetic environment: According to Mayr (cited by

Provine 2004) ‘‘Such a well-integrated, coadapted gene

complex constitutes an evolutionary unit in spite of its

intrinsic variability. Any disharmonious gene or gene

combination which attempts to become incorporated in

such a gene-complex will be discriminated against by

selection’’ (Mayr 1954, p. 165).

Conclusions Regarding HGT Among Bacteria

and Archaea

The study of carbamoyltransferases shows that it is possi-

ble to retrace gene evolution with a working hypothesis

that is more parsimonious—in terms of the number and

nature of events postulated—than multiple HGT between

distant organisms. Most importantly, the differential loss of

paralogs is not just an alternative explanation but is a

prediction based on current ideas about the complexity and

genetic redundancy of the LUCA. Many instances of

polyphyletic patterns can be interpreted in that way or by

the loss of more recently duplicated genes, especially when

housekeeping, ubiquitous or at least widespread proteins

are concerned, for example EF-TU (Ke et al. 2000), the so-

called ‘‘promiscuous’’ aminoacyl tRNA synthetases (Doo-

little 1999a, b; Woese et al. 2000), proteins involved in

isoprenoid biosynthesis (Boucher et al. 2003), family B

DNA polymerases (Edgell et al. 1998) and chaperonins

(Archibald et al. 2000). Other examples of gene paralogy

were already alleged to have originated in the LUCA:

histidine biosynthetic genes (Alifano et al. 1996); gluta-

mate dehydrogenenase genes (Benachenhou and Baldacci

1991; Benachenhou-Lahfa et al. 1993); genes involved in

bioenergetic processes (Castresana 2001) a and b ASPases

(Gogarten et al. 1989); aldehyde dehydrogenases (Habe-

nicht et al. 1994); EF-TU and EF-G (Iwabe et al. 1989).
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There is therefore no reason to consider the carbamoyl-

transferases as an isolated case.

It should be stressed that HGT does not have to be as

rampant as it would appear from the present literature to

have played an important, qualitative role in prokaryotic

evolution: granting the force of selection, it is possible to

understand how single genes or operons—catabolic oper-

ons, resistance traits, energetically useful genes, such as

those for proteorhodopsin (Frigaard et al. 2006)—may

have been transferred from one organism to a distant one.

Even complex adaptations, such as the progressive emer-

gence of thermophily may have included HGT at some

critical step by the transfer of pleiotropic traits such as

reverse gyrase (Forterre et al. 2000).

What the available evidence argues against, however, is

the notion of a ready opportunity for the facile acquisition

of foreign DNA. It is clear that less biased interpretations

of polyphyletic patterns, as well as experimental evidence

for distant HGT (presently lacking) are required to obtain a

more balanced appreciation of the evolutionary forces at

work. From the phylogenetic point of view, replacing HGT

by loss of paralogs does not eliminate practical difficulties

in retracing the genealogy of species; however, it maintains

the picture of a tree where gene filiation remains mostly

vertical.

By contrast, HGT readily explains the mosaicism of

bacteriophage genomes; in that particular case, the extent

of the phenomenon clearly imposes a reticulate type of

classification (Lima-Mendez et al. 2008) reflecting their

natural history.

Eukaryotes, HGT and the Scope of Genetic

Innovation

Among higher eukaryotes, animals are not expected to be

prone to HGT because of the necessity for the laterally

transferred DNA to gain access to the germ line and to

undergo sufficient expansion in order not to become lost.

Moreover, alleged transfers from bacteria to mammals

have been reconsidered and explained more parsimoni-

ously by gene loss from an ancestor (Salzberg et al. 2001).

Likewise, the acquisition of cellulase genes by termites

from a bacterial source (a textbook example) has been

shown to be erroneous (Davison and Blaxter 2005).

Transfer of bacterial genes by a maternally transmitted

bacterial parasite has been reported however (Dunning

Hotopp et al. 2007) but the majority of the transferred

genes have been pseudogenized (Blaxter 2007; Nikoh et al.

2008). Thus, it is unknown whether these transfers repre-

sent innovation in animal or plant evolution or are just

another flavour of nuclear mitochondrial fragments like

elements (Richly and Leister 2004) without evolutionary

significance (Blaxter 2007).

Of a more evolutionary value are a few convincing

occurrences of endosymbiotic gene transfer (EGT,

reviewed in Timmis et al. 2004). For instance, nuclear

genes encoding for chloroplast proteins have been trans-

ferred from endosymbiotic plastids present in alga after

these alga have been ingested by the ascoglossan sea slug

Elysia crispata (Pierce et al. 2003). Here, the distinction

between gene origins via EGT versus HGT is crucial and

can be argued if it is possible to determine whether the

transferred genes can be traced back to a unique source and

are found in most if not all related taxonomic lineages

versus sporadic gene origin in particular lineages and from

multiple different sources, respectively (Moustafa et al.

2009). Such a distinction has been made recently in the

case of diatoms, showing that a large proportion of the

algal green genes detected in diatom is due to an ancient

endosymbiosis that occurred in the common ancestor of

chromalveolates (Moustafa et al. 2009).

Some authors made a distinction between HGT and

transfers mediated by viruses (DeFilippis and Villarreal

2001); however viruses and transposons are precisely the

kind of vectors we would expect to mediate occasional

HGT so that the question is rather semantic. Transposons

may exhibit narrow or wide host ranges, such as, respec-

tively, the P elements of Drosophila or the AhT elements

(those discovered by McClintock 1951) that can spread

among animals and plants (Silva et al. 2004; Emelyanov

et al. 2006; Pace et al. 2008). The possibility of rather

distant transfers therefore exist in principle but the actual

frequency seems altogether low, even in plants where germ

lines are more exposed than in animals (Diao et al. 2006). It

should be stressed here than we are focusing on possible

transfers by potential vectors among groups of organisms

that may appear widely different from an anthropomorphic

point of view (such as diverse tetrapods, or fishes and

mammals) but have a high degree of molecular compati-

bility, something that became already clear in early

experiments on heterologous cell fusions (Harris and

Watkins 1965; Harris 1970); the situation is very different

when we consider distant groups of prokaryotes, such as

phyla belonging to different Domains.

This raises the question of the alleged role of HGT in the

acquisition of genetic innovation. In simple organisms such

as Archaea, Bacteria, and some protists, expansion of

metabolic capacities is an important evolutionary challenge.

Genes conferring new metabolic properties could have been

transferred horizontally under selection. A polyphyletic

pattern of genes involved in a particular pathway is however

by itself not a proof of HGT (see supra) and it is hard to see

how it could be taken as an indication of metabolic inno-

vation. Moreover, the intrinsic potential of microorganisms

for functional innovation is already considerable as attested

by many experimental studies. One of the main avenues is
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that of promiscuous enzymes in both microorganisms

(McLoughlin and Copley 2008) and complex eukaryotes

(Azam et al. 2008); their evolvability is estimated to be near

inexhaustible (for recent reviews, see Khersonsky et al.

2006; Tokuriki and Tawfik 2009).

The most important eukaryotic innovations are of

another nature, however, such as modifications of the

anatomy and physiology and occurrence of new behav-

ioural possibilities (Arthur 1997). Yet, chimpanzees and

man, for example despite striking differences in mental

development and body posture, have extremely similar

DNA sequences. Hence, the notion that rearrangements of

resident genes and other mutations with regulatory effects

(including the intervention of McClintock’s ‘‘controlling

elements’’, i.e. transposons) may be the main sources of

innovation in higher organisms (Wray 2007); actual HGT

might be of minor or no importance. It could therefore be

the case that higher eukaryotes not only do not indulge in a

lot of HGT but did not need to import foreign material in

order to acquire their most remarkable properties. Never-

theless the question arises: if they are exposed to foreign

DNA in various ways, especially ‘‘selfish DNA’’ (Dawkins,

1976), how did they restrain its impact?

Origin of Meiotic Sexuality as an Anti-HGT

Mechanism: A Molecular Identity Check

Bdelloid rotifers were reported to contain bacterial, fungal

and plant genes that are clustered in telomeric regions with

mobile elements (Gladyshev et al. 2008). A basic differ-

ence between these lower Metazoa and higher eukaryotes

is sexuality, absent in rotifers for a very long time (Mark

Welch and Meselson 2000). We feel this correlation

between the secondary (the ancestral rotifer was mictic)

loss of sexuality and the presence of putatively horizontally

transferred genes may be significant. Although various

forms of sexuality have been observed in the three

Domains (such as DNA conjugation in various bacteria and

archaea), we suggest that meiotic sexuality, which is

essentially an identity check for the genetic material,

originated as a mechanism to restrict HGT by triggering

elimination of discrepancies or, in the grossest cases, by

interfering with the correct pairing of chromosomes. When

chromosomes pair, a number of mechanisms (repair, con-

version, recombination) are triggered allowing the elimi-

nation of deleterious differences from the descendance. We

assume meiosis to have emerged in a protoeukaryote

descendant of the LUCA, after the RNA to DNA transition,

in a cellular context where genetic redundancy was already

the rule (Glansdorff et al. 2008), thus setting the stage for a

mechanism of chromosomal identity check. The origin of

meiotic sexuality should indeed be sought in an immediate

benefit rather than in the future advantages of genetic

recombination, something natural selection could not have

foreseen. Later on, other mechanisms, such as gene

silencing, may have concurred in setting a barrier to the

spread of infective DNA in eukaryotes (Kurland 2005).

Though the origin of sex (i.e. amphimixis) is usually

considered an unsolved mystery (Charlesworth 2006;

Hadany and Beker 2007), we found a recent suggestion by

O’Dea (2006) that is clearly in keeping with our hypothesis

since it postulates that sex emerged as a mechanism solving

‘‘intragenomic conflicts’’ by permitting recombinational

elimination of ‘‘worthless DNA’’; O’Dea’s suggestion

however does not refer to HGT as a possible primum mo-

vens nor to a protoeukaryotic descendant of LUCA as the

seat of this innovation.

Conclusions

Current reasons for believing in the widespread occurrence

of HGT between distant taxa (such as those belonging to

different Domains) originate in great part from phyloge-

netic inconsistencies emerging from comparisons of gene

sequences, in the noticeable absence of direct experimental

evidence. A large proportion of alleged HGT may be due to

‘‘hidden paralogy’’, in particular to haphazard segregation

in the common ancestors of the three Domains of redun-

dant gene copies already present in the LUCA. Whereas

selection may have stabilized some distant, inter-domain

transfers, in general, HGT would have been selected

against as soon as it threatened the cellular and metabolic

integrity of the host cell. Indeed, the integration of a for-

eign gene in a pre-existing interaction network appears to

be slow and inefficient (Lercher and Pal 2008) and prob-

ably requires cotransfer with a selected gene. If it is already

difficult to believe that a metabolic or regulatory gene

could be readily exchanged between two relatively close

organisms, the probability of such an event occurring

between Domains is approaching a null value.

We propose the hypothesis that eukaryotes evolved sex

(i.e. meiosis) as an identity check limiting the impact of

foreign DNA on cell survival. Indeed, if HGT may in some

cases have provided material for a useful innovation, most

frequently it must have appeared as an invasion against

which it proved necessary to invent defence mechanisms.

Sex would be one of them, specific of eukaryotes, having

emerged in a descendant of the protoeukaryotic LUCA

(Glansdorff et al. 2008; Kurland et al. 2006). By a curious

twist, sex would appear as a safeguard against promiscuity.
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