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Abstract. Lateral gene transfer — the transfer of genetic
material between species — has been acknowledged as a
major mechanism in prokaryotic genome evolution for
some time. Recently accumulating data indicate that the
process also occurs in the evolution of eukaryotic
genomes. However, there are large rate variations be-
tween groups of eukaryotes; animals and fungi seem to be
largely unaffected, with a few exceptions, while lateral
gene transfer frequently occurs in protists with
phagotrophic lifestyles, possibly with rates comparable to

prokaryotic organisms. Gene transfers often facilitate the
acquisition of functions encoded in prokaryotic genomes
by eukaryotic organisms, which may enable them to col-
onize new environments. Transfers between eukaryotes
also occur, mainly into larger phagotrophic eukaryotes
that ingest eukaryotic cells, but also between plant lin-
eages. These findings have implications for eukaryotic
genomic research in general, and studies of the origin and
phylogeny of eukaryotes in particular.
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Introduction

Lateral, or horizontal, gene transfer is the process of ex-
change of genetic material between distantly related
species. In prokaryotes, comparative genomics of whole
genome data has led to the suggestion that the process of
lateral gene transfer (LGT) is a more influential evolu-
tionary mechanism than the 20™-century microbiologists
ever thought [1-3], although more conservative interpre-
tations exists [4, 5]. The research on LGT has focused on
prokaryotic rather than eukaryotic organisms, mainly for
two reasons; there has been a high amount of sequence
data from diverse prokaryotic lineages available for some
time, and the process has been assumed to be of limited
significance in eukaryotes. However, our understanding
of the phenomenon is changing as more and more ge-
nomic sequences from diverse eukaryotes become avail-
able, and recent reports involving many different lineages
(tables 1 and 2) have indicated LGT as a potentially im-

portant evolutionary mechanism also in eukaryotic or-
ganisms. There are two distinct types of gene transfer in
eukaryotes: the transfer of genes from the organelles with
an endosymbiotic origin (the mitochondrion and plastid)
to the nucleus of the eukaryotic cell (endosymbiotic gene
transfer) and LGT between unrelated species (fig. 1). En-
dosymbiotic gene transfer is widely accepted as an im-
portant source of genetic material in eukaryotic lineages
[6]. The occurrence of LGT in eukaryotes, on the other
hand, is much more controversial. The claim that over 100
genes were recently transferred from prokaryotes to the
human genome may have been the weakest point in an
otherwise landmark paper [7] — the reported cases did not
hold up for reanalysis using phylogenetic methods [8, 9].
In fact, transfer of genes from prokaryotes to animals
with sequestered germ lines appear to be extremely rare,
although it cannot be formally excluded [9, 10]. Still,
these results do not preclude the possibility that LGT is
important for non-human eukaryotes (tables 1 and 2) —
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Table 1. Interdomain gene transfers.

Recipient lineage Protein Phagotrophic ~ Reference
Apicomplexa (Cryptosporidium) 5-monophosphate-dehydrogenase - [36]
Apicomplexa a number of proteins - [34]
Apicomplexa (Cryptosporidium) thymidine kinase - [37]
Apicomplexa (Cryptosporidium) 24 proteins - [35]
Chlorarachniophytes a number of plastid-targeted proteins + [54]
Ciliates (Entodinium) glutamate dehydrogenase + [44]
Diplomonads 3-hydroxy-3-methylglutaryl coenzyme a reductase + [45]
Diplomonads a dozen proteins + [77]
Diplomonads NADH oxidase + [108]
Diplomonads phosphoenolpyruvate carboxykinase + [109]
Diplomonads sulfide dehydrogenase + [41]
Entamoeba 8 proteins + [77]
Entamoeba IscS and IscU + [110]
Entamoeba malic enzyme, acetyl-CoA synthetase and alcohol dehydrogenase + [111]
Entamoeba NADH oxidase + [108]
Euglenozoa glyceraldehyd-3-phosphate dehydrogenase + [55, 56, 58]
Euglenozoa (diplonemids) glyceraldehyd-3-phosphate dehydrogenase + [58]
Euglenozoa (Trypanosoma) glutamate dehydrogenase + [44]
Fungi (filamentous fungi)* pea pathogenicity genes - [87]
Fungi (rumen fungi) glycosal hydrolases [86]
Fungi (yeast) flavohemoglobin - [77]
Metazoa deoxyribose-phosphate aldolase and threonine dehydratase - [77]
Metazoa DNA polymerase gamma subunit 2 - [9]
Metazoa (Callosobruchus) genome fragment of endosymbiont - [91]
Metazoa (Ciona) cellulose synthase - [88, 89]
Metazoa (Meloidogyne) 12 putatively plant-parasitic genes - [90]
Parabasalids alcohol dehydrogenase + [77]
Parabasalids glyceraldehyde-3-phosphate dehydrogenase + [56, 58]
Parabasalids N-acetylneuraminate lyase + [112]
Parabasalids potential surface protein + [42]
Parabasalids and diplomonads alanyl-tRNA and prolyl-tRNA synthetase + [65]
Parabasalids and diplomonads glucokinase and glucosephosphate isomerase + [113]
Plants (Nicotiana) Agrobacterium genes - [92]
Prostherobacter ** tubulins [75]
Proteobacteria ** deoxyribose-phosphate aldolase [77]

* Unknown source.
** Eukaryotic donor lineage.

the vast majority of the diversity of the eukaryotic life is
indeed unicellular with lifestylet that resemble that of
prokaryotes in many aspects. This review will focus on
transfer of genes independent of organelles; transfer of
mobile elements, such as transposons and introns, have
been covered previously [11, 12] and will not be dis-
cussed here.

Mechanisms

Gene transfers are rare evolutionary events that are de-
tected by their consequences — similar genes are present
in distantly related organisms — rather than at the time
when they are happening. Therefore, it is often problem-
atic to deduce the exact mechanism by which a gene
transfer has occurred. Nonetheless, to gain insight into
the process an understanding of the steps involved in a
successful gene transfer between two lineages is needed.

First, the foreign genetic material must enter the cell, ei-
ther as naked DNA, or together with the cell that harbors
the gene. Once inside, the gene has to be incorporated in
the host nucleus and expressed into a functional protein.
For the foreign genetic material to be maintained, the pro-
tein must provide a function which is selected in the pop-
ulation. It may indeed intuitively seem very unlikely that
a prokaryotic gene could be successfully transferred to a
eukaryote — if a single step fails, no transfer will occur.
Incorporation of foreign genetic material into the nucleus
of eukaryotes does indeed occur at a substantial rate; a
large amount of genetic material from the mitochondria
has been incorporated into the eukaryotic genomes, some
of which has been shown to be functional [6, 13]. It is rea-
sonable to assume that foreign genetic material from
sources other than the endosymbionts may also be func-
tionally incorporated into the nucleus via the same mech-
anisms [13], if it is present within the eukaryotic cell.
Consequently, the critical step for LGT into eukaryotes is



1184 J. O. Andersson Gene transfer in eukaryotes

Table 2. Intra-domain gene transfers.

Recipient lineage Protein Phagotrophic Reference
Animals (Hydra) or parabasalids flp gene +/— [43]
Chlorarachniophytes a number of plastid-targeted proteins + [54]
Ciliates alanyl-tRNA synthetase + [65]
Dinoflagellates enolase + [60, 61]
Dinoflagellates glyceraldehyde-3-phosphate dehydrogenase + [57]
Diplomonads or mycetozoa threonine dehydratase + [77]
Entamoeba alanyl-tRNA synthetase + [65]
Many lineages EF-like protein — replacement of EF-1a +/— [63]
Plants mitochondrial genes - [70]
Plants NadlB-C - [71]
Plants part of mitochondrial nadl gene - [69]
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Endosymbiotic
origin for organelle

C

’) Gene transfers
from food

i \
Gene transfers
from organelle

Eukaryote 3

Eukaryote 1
Eukaryote 2

Eukaryote 3
Eukaryotes

Figure 1. Schematic drawings of processes that may introduce prokaryotic genes into the eukaryotic nucleus. The endosymbiotic origin of
organelles (i.e. mitochondria and plastids) (4) may lead to transfer of genes from the organelle to the nucleus (B). Ingestion of prokaryotic
cells may lead to transfer of genes from the food organism to the nucleus (C) — the “You are what you eat’ hypothesis [14, 15]. The two
pathways for the introduction of prokaryotic genes into eukaryotes have different predicted phylogenetic outcomes; transfer from an or-
ganelle is expected to give trees with monophyletic eukaryotes (D), while independent transfer from food organisms should give trees with
polyphyletic eukaryotes (£), unless the transfers occurred before the extant eukaryotes diverged.
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likely the uptake of DNA into the cell. For prokaryotes,
the processes of transformation, transduction and conju-
gation are usually invoked as potential mechanisms to ex-
plain LGT events. These processes are probably less
wide-spread in eukaryotes, which make the mechanisms
of the uptake of genetic material for gene transfers elu-
sive in many putative cases.

Nevertheless, the lifestyles of the inferred donor and re-
cipient lineages often provide some clues about how and
where the transfers may have taken place. For example,
the phagotrophic lifestyle of many unicellular eukaryotes
and the presence of genes of eubacterial origin in these
lineages prompted Doolittle to proposed a ratchet-like
mechanism by which prokaryotic genes from food or
symbiont bacteria could replace ancient eukaryotic genes
over evolutionary time: the “You are what you eat’ hy-
pothesis [14, 15] (fig. 1). Many of the species in table 1
are indeed phagotrophs which utilize prokaryotic cells as
food — indicating that this mechanism of transfer operates
over evolutionary time. In practice, the mechanism
should not be limited to interdomain transfers — many lin-
eages phagocytose eukaryotic cells, which would provide
a mechanism for intradomain transfer (table 2). Addi-
tional mechanisms for gene transfers must exist — several
lineages in tables 1 and 2 are not phagotrophic. Transfec-
tion of a virus between unrelated species and physical
contact of symbiotic or host-parasite relationships have
been suggested as possibilities for DNA of unrelated
species to be introduced into eukaryotic cells [16].
Genetic and/or biochemical studies are needed to verify
whether a gene of foreign origin has been successfully in-
corporated into the nucleus — its presence does not neces-
sarily indicate that it is expressed and that the protein is
functional. However, unsuccessful incorporation of DNA
will most likely either turn into pseudogenes, or be lost
altogether, since genes which are not under purifying se-
lection will accumulate deleterious mutations [17]. Suc-
cessful transfers, on the other hand, may be maintained in
the population. Thus, if the same gene is present in related
eukaryotes, the pattern of sequence variation of the gene
may be used to deduce whether the amino acid sequence
is under purifying selection. The recipient lineages are
represented by a natural group of eukaryotes in some, but
not all, cases of gene transfer listed in tables 1 and 2,
which suggests that the genes are functionally main-
tained. Nevertheless, further studies are needed to deter-
mine the frequency of failed LGT in eukaryotic genomes,
and also to understand how the expressed proteins of for-
eign origins function within the cell.

Methods for detecting of LGT

Several different methods have been used to test the oc-
currence of LGT in prokaryotes [15, 18-23], most of
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which have been applied to eukaryotes, with different lev-
els of success. Since all methods have their own limita-
tions, several independent methods should ideally be
used before concluding that a gene has been acquired by
LGT. A combination of phylogenetic methods, analyses
of the distribution pattern and identification of a potential
overlap of life habitats between the inferred donor and re-
cipient lineages has been particularly useful in pinpoint-
ing LGT events affecting eukaryotes, as exemplified
below.

The easiest and probably most widely used method to de-
tect cases of gene transfers is similarity searches, such as
BLAST. A result where the closest homolog of a se-
quence is a gene from a distantly related organism is of-
ten taken as evidence for a gene transfer event. In some
cases, this seems reasonable; the high fraction of genes
with best hits to archaeal genes in the genome of the hy-
perthermophilic eubacterium Thermotoga maritima did
indeed hold up for subsequent phylogenetic analyses [24,
25]. However, BLAST searches are only very crude indi-
cators of phylogenetic relationships [26] and should not
be invoked as the only evidence for gene transfer events
[27]. Luckily, apart from the initial analysis of the human
genome, claims of LGT affecting eukaryotes based solely
on unexpected results from similarity searches have been
few [23].

Another method for detecting LGTs in prokaryotes has
been to analyze the codon usage pattern between genes in
genomes [2, 28, 29]. Although potentially very powerful
for detecting recent transfers into genomes, the method
has been shown to be inconsistent with other methods
[21]. Furthermore, an extensive knowledge of the pat-
terns of codon usage within the genome is needed to reli-
ably detect recent gene transfers using the composition
variations between gene sequences, which usually is lack-
ing in eukaryotes. Therefore, these methods are currently
of limited value for eukaryotes.

Unexpected phylogenetic relationships

The vast majority of the reported cases of LGT in eu-
karyotes are inferred from the observation that the phylo-
genetic relationship based on single gene sequences dif-
fers from the expected organismal relationships (tables 1
and 2). For example, a eukaryotic sequence may be found
nested within prokaryotic sequences (fig. 1E). Such re-
sults are indeed regarded as the most reliable indicators of
gene transfers, although any topology obtained in phylo-
genetic studies that supports an LGT event may also be
explained by gene duplication and lineage-specific gene
loss events [22, 30], if no limit is set for the number of
such events compared to LGT events. As a matter of fact,
the reverse is equally true; any gene phylogeny that re-
sembles the organismal phylogeny may be explained
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solely by LGT events, if gene transfer is assumed to be
very frequent [31]. Thus, to distinguish between LGT
scenarios and gene duplication and loss scenarios, the
likelihoods of these evolutionary events have to be judged
against each other. This is problematic, especially since
the frequencies of such events are expected to vary be-
tween lineages as well as throughout evolution. Never-
theless, gene duplication and differential gene loss sce-
narios very often become extremely complicated for real
datasets with a large number of taxa that disagree with the
expected organismal phylogenies, since these scenarios
usually involve maintenance of multiple copies of genes
in genomes over extended evolutionary timescales fol-
lowed by independent parallel recent losses in many lin-
eages, and/or rooting of the phylogenetic trees in improb-
able places.

The phylogenetic tree of alcohol dehydrogenase is an ex-
ample of a real dataset which indicates many LGT events;
the eukaryotic sequences are found in at least six clearly
separated classes, all with different prokaryotic affinities
(fig. 2). To explain such a pattern with a scenario only in-
cluding ancient duplications and subsequent differential
gene losses, the ancestral eukaryote would be required to
encode at least six copies of the adh gene, and these par-
alogs must have been retained for a long evolutionary
time and only recently been lost in most eukaryotes in
parallel evolutionary events. For example, the last com-
mon excavate (taxa labeled brown in fig. 2) ancestor must
have encoded five divergent copies of the alcohol dehy-
drogenase gene, three of which were lost in each of the
lineages leading to Trichomonas vaginalis and Giardia
lamblia. Since it is rather unlikely that this ancestor had a
much larger coding potential than the current species, a
scenario where the alcohol dehydrogenase genes were in-
troduced into Excavata from various lineages over evolu-
tionary time; the Naegleria gruberi sequence probably
from a eubacteria, one of the Trichomonas and one of the
Giardia sequences from different low G+C Gram posi-
tives, the other Giardia sequences from a prokaryote, and
the other T vaginalis possibly from a prokaryote (fig. 2),
appears much more likely. Such a scenario also readily
explains the specific and unexpected relationships be-
tween prokaryotic and eukaryotic lineages, such as the
branching of the Trichomomas sequence as a sister to low
G+C Gram positives (fig. 2). A duplication and loss sce-
nario, on the other hand, would require an extreme num-
ber of additional duplications and losses to account also
for these relationships. For instance, the specific relation-
ship between the animal+fungi cluster and the Thermo-
plasma sequence would indicate that this paralog was lost
in all other lineages of eukaryotes as well as all other ar-
chaeal species. At the same time, the specific relation-
ships between the Giardia and Trichomonas sequences
with different lineages of low G+C Gram positives would
indicate that these paralogs were lost not only in all other

Gene transfer in eukaryotes

eukaryotes and archaea, but also in all eubacteria except
some lineages of low G+C Gram positives. Still, this
would not explain the observation that the Giardia se-
quence is nested within low G+C Gram positives (fig. 2).
Phylogenetic methods are imperfect and may falsely lead
to unexpected trees. However, given the large sequence
distances between the six separated groups of eukaryotic
alcohol dehydrogenases compared to the distance to the
closest prokaryotic sequence for each group as well as the
high bootstrap support values separating the groups, it
seems rather unlikely the phylogenetic artefacts are re-
sponsible for this overall topology. The detailed topology,
on the other hand, may be influenced by phylogenetic
artefacts; the grouping of an Entamoeba sequence with
the 7" vaginalis sequences is difficult to evaluate; at face
value it indicates a prokaryote-to-eukaryote LGT fol-
lowed by an intradomain transfer (Entamoeba and Tri-
chomonas are only distantly related eukaryotes). How-
ever, both the Entamoeba and the T. vaginalis sequences
are long, and the grouping may be artefactual due to long-
branch attraction, which would argue for distinct
prokaryotic origins of alcohol dehydrogenase in the two
lineages. Likewise, it is unclear whether Naegleria, Try-
panosoma and the three fungal sequences make up a eu-
karyotic clade, which makes the number and direction of
LGT events problematic to deduce for these eukaryotic
sequences (fig. 2). To summarize, the phylogenetic tree of
alcohol dehydrogenase indicates a very complex evolu-
tionary history of this gene, which includes a number of
LGT events involving both prokaryotes and eukaryotes.

Unfortunately, as for prokaryotes [15, 18-23], there are
no strict objective criteria against which it can be tested
whether a eukaryotic gene originated via LGT, which
makes it very problematic to deduce the exact number of
transfer events from a phylogenetic tree. For example,
radically different results may be reached from the same
phylogeny if strict vertical inheritance is used as the null
hypothesis (all sampled homologous genes are orthologs
originating from a common organismal ancestor), and
gene transfers are inferred only when there is strong sup-
port for such events, compared to the other extreme, if
gene transfer is used as the null hypothesis (all sample ho-
mologous genes are xenologs that originated from LGT
events). In practice, this may not be such a huge problem
on a gene-to-gene scale as it might seem; different genes
have distinct rates of transfer, suggesting that different
null hypotheses should be used (fig. 3). If several of the
resolved nodes do indicate LGT events, the rate of trans-
fer of the gene is relatively high and gene transfer should
be the null hypothesis; suggesting that some transfers
most likely have occurred in the unresolved part of the
tree (fig. 3B). On the other hand, if all resolved nodes in-
dicate the expected organismal phylogeny, the gene is
rarely transferred, and vertical transmission should be the
null hypothesis. In such a case few, if any, transfers can be
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Figure 2. Phylogenetic tree of alcohol dehydrogenase. Protein maximum likelihood tree inferred using the program PHYML, version 2.1b
[114], on 253 unambiguously aligned amino acid positions. Close homologs and sequences that failed the y tests for deviation of amino
acid frequencies implemented in TREE-PUZZLE, version 5.1 [115], were excluded, as previously described [77]. Bootstrap support val-
ues above 50% based on 100 replicates are shown. Proteobacteria, low G+C Gram positives and archaea are indicated by gray, blue and red
branches, respectively, without any names. Other prokaryotic species are shown with genus names. The complete names of eukaryotic se-
quences are shown in large fonts and bold branches labeled according to their classification into ‘supergroups’ [50, 79, 80]: opisthokonts
(orange), amoebozoa (purple) and excavates (brown). The wedge indicates the position of the alcohol dehydrogenase E gene family, which
has been distributed via LGT affecting both prokaryotes and eukaryotes [77].
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Figure 3. Hypothetical trees that illustrate the detection of LGT.
Two hypothetical phylogenetic trees based on two imaginary genes
present in 16 species belonging to four accepted organismal groups
(indicated by different colors). Filled ovals indicate nodes strongly
supported by statistical analysis (i.e. bootstrap analysis). The two
genes have different frequencies of LGT. (4) The absence of indi-
cation of gene transfer among the supported bipartitions suggests
that the gene is rarely transferred. Therefore, the grouping of the
brown and blue branches is unlikely due to LGT. (B) A hypothetical
tree in the presence of LGT. Several putative cases of LGT are sup-
ported by statistical analyses, indicating that the gene is frequently
transferred between organismal groups. For that reason, the group-
ing of the brown and blue branches presumably is due to a gene
transfer event, even though the phylogenetic analysis only weakly
support this hypothesis.

expected to have occurred in the unresolved part of the
tree (fig. 3A). In the case of alcohol dehydrogenase, some
of the nodes with high bootstrap support unite known or-
ganismal groups, such as animals and fungi, while others
indicate transfer events, such as the grouping of 7. vagi-
nalis with low G+C Gram positives (fig. 2). Thus, for this
gene, neither strict vertical inheritance nor gene transfer
only could be used as the null hypothesis. This suggests
that neither process should be assumed for any of the
nodes of the unresolved part of the tree; some are ex-
pected to have originated via LGT, and some via vertical
inheritance — indicating that the number of transfer events
with strong support should be treated as the minimum,
rather than the maximum.

The weakest point in using phylogenetic inferences to de-
tect cases of lateral gene transfer may be that the phylo-
genetic methods are not always powerful enough to esti-
mate reliable trees based on single gene alignment; arte-
factual trees may falsely be interpreted as indicators of
gene transfer [30]. There are several reasons for the limi-
tations of the power of the phylogenetic analyses; the
models for the evolution of gene sequences may not be re-
alistic, and the information content in single gene se-
quences may be insufficient to resolve all relationships in
the tree. Indeed, concatenated gene sequences are needed
to recover deep branches in the eukaryotic tree [32, 33].

Gene transfer in eukaryotes

Since LGT events probably most often occur on the sin-
gle gene scale, concatenation of gene sequences is not a
feasible approach to identify transfer events. For these
reasons, phylogenetic studies should be combined with
other sources of information, like gene distribution pat-
terns, to make up a more complete picture of the contri-
bution of LGT in the evolution of individual genes and
gene families. Nevertheless, phylogenetic analyses are a
powerful tool in identifying clear cases of transfer, such
as some of the cases mentioned in the alcohol dehydro-
genase phylogenetic tree (fig. 2), although such analyses
are not expected to reveal every case of LGT for any
gene.

Obvious cases of LGT should also be possible to detect
with large-scale phylogenetic methods. Indeed, auto-
mated phylogenetic approaches using data from apicom-
plexan genomes revealed a large number of genes with
unexpected phylogenetic relationships [34, 35]. In a pre-
liminary analysis, over 100 sequences from each genome
showed affinity to eubacteria, although inspection of in-
dividual datasets revealed that less than 50% of these
trees had sufficient resolution or bootstrap support to in-
fer transfer events, illustrating the difficulties with auto-
mated phylogenetic approaches [34]. In a more thorough
large-scale phylogenetic analysis, 24 Cryptosporidium
parvum genes were shown to be of eubacterial origin
[35], and together with more detailed studies of individ-
ual genes [36, 37], these large-scacle phylogenetic analy-
ses [34, 35] indicate that LGT has been an important evo-
lutionary mechanism in Apicomplexa.

Patchy phyletic distribution

Maybe the most convincing evidence for the importance
of gene transfers in prokaryotes comes from the compar-
ison of gene content of closely related strains and species;
only 39% of the genes found in any of the three sequenced
strains of Escherichia coli are present in all three [38],
and only 51% of the genes found in any of the two se-
quenced strains of the marine cyanobacterium Pro-
chloroccus are found in both [39]. Although explanations
other than gene transfer surely accounts for some of these
differences, they are very strong indications of the im-
portance of LGT in prokaryotes. For protists, no pairs of
genome sequences from closely related species or strains
are available yet, except for the case of Plasmodium. The
comparison of draft genome sequences of a rodent and a
human malaria parasite, P yoelii yoelii and P, falciparum,
indicated the presence of lineage-specific genes, al-
though the possibility of LGT was not suggested [40].
However, given that phylogenetic studies of apicom-
plexan genomes in combination with analyses of the
phyletic distribution of genes have indicated numerous
gene transfers in these parasites [34-37], some of the lin-



CMLS, Cell. Mol. Life Sci.  Vol. 62, 2005

eage-specific genes in the malaria parasites could be of
LGT origin.

Comparative genomics approaches have been very useful
in studying the occurrence of LGT in eukaryotes, despite
the shortage of whole-genome sequences for most eu-
karyotic groups. For example, gene families that have a
very patchy distribution in the tree of life, i.e. only pre-
sent in a few distantly related lineages, are likely to have
been distributed by gene transfer events. Sulfide dehy-
drogenase, which was only found in some unrelated
prokaryotic lineages and a single eukaryotic lineage, the
diplomonads, is a good example of such a gene family
[41]. Two evolutionary scenarios could account for such
a distribution; either the gene family was present in the
last universal ancestor and subsequently lost from all
sampled eukaryotic lineages, except diplomonads, and
most prokaryotic lineages, or the gene was distributed be-
tween lineages via LGT. The latter alternative seems
more likely since all lineages that do have the genes are
found in oxygen-poor environments, which would indi-
cate that the organisms possessing the gene could have
been in physical proximity. The phylogenetic analysis in-
deed recovered the diplomonad sequences within a pro-
karyotic cluster [41]. A similar example is the presence of
a potential surface protein with a leucine-rich repeat in
the parasite Trichomonas vaginalis, which is shared with
divergent eubacterial and archaeal lineages [42]. Gene
transfer appears to be the most likely explanation for the
discontinuous appearance of this gene within the do-
mains of life, since all species that encode the gene are ei-
ther known to be parasites or commensals of mammalian
mucosa, or have been isolated from such an environment
[42]. The fact that the leucine-rich repeats are too diver-
gent for meaningful phylogenetic analyses neither invali-
dates the suggestion nor makes it stronger. The unique
presence of a gene in a metazoan lineage and 7. vaginalis
is another unexpected phyletic distribution involving
parabasalids [43]. An expressed sequence tag (EST)
clone from Hydra — a member the metazoan phylum
Cnidaria — showed high sequence identity to three flp
genes identified in 77 vaginalis. The absence of homologs
of the gene in any other studied species, including several
protist lineages, prompted the authors to suggest that
LGT is the most likely explanation for the distribution of
the gene in these two distantly related eukaryotic lin-
eages, although an origin in the last common ancestor of
Trichomonas and Hydra, followed by differential loss in
the lineages leading to organisms for which the genome
sequences are available, could not be formally excluded
[43].

However, gene families that are present in most lineages
can also provide information regarding LGT events, for
example if there are several easily recognized classes
within the family. One such example is the four classes of
glutamate dehydrogenase. No genome encodes more than
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two of these four classes, yet the phylogenetic distribu-
tion of the members of the four classes mirror the organ-
ismal relationships very poorly [44]. If it is assumed that
ancient genomes also encoded two classes at most, a
number of LGT events affecting both prokaryotes and eu-
karyotes have to be inferred to explain the distribution,
which indeed is supported by phylogenies of the individ-
ual glutamate dehydrogenase classes [44]. The pattern of
replacements with genes with a similar function, but dif-
ferent origin has also been observed for whole metabolic
pathways. Two alternative pathways can synthesize
isopentenyl diphosphate, a universal precursor of iso-
prenoids; the 1-deoxy-D-xylulose 5-phosphate pathway
and the mevalonate pathways. Boucher and Doolittle sur-
veyed the distribution of these two pathways in the tree of
life and found a scattered distribution which is incompat-
ible with vertical transmission of the two pathways, and
argued that LGT more parsimoniously explains the ob-
served pattern [45]. Phylogenetic analysis of the first en-
zyme in the mevalonate pathway further supported that
conclusion; the Giardia lamblia homolog belongs to a
different class of the enzyme together with mostly eubac-
teria, to the exclusion of all other included eukaryotes —a
strong case for interdomain gene transfer [45].

Endosymbiotic gene transfer from mitochondria
and primary plastids vs. LGT

The endosymbionts that gave rise to the mitochondria and
chloroplast of eukaryotic cells are large sources of ge-
netic material in the eukaryotic nucleus (fig. 1AB); 18%
of the Arabidopsis genome may have originated from the
cyanobacterial ancestor of the chloroplast [46], and it has
been suggested that the majority of the genes in the nu-
cleus may have originated from the a-proteobacterial an-
cestor of the mitochondria [47]. Nevertheless, some of
the genes that appear to be of organellar origin may in-
deed have been acquired via LGT. It may seem very dif-
ficult to distinguish between endosymbiotic gene trans-
fers and eubacteria-to-eukaryote LGT events using phy-
logenetic methods, given that frequent gene transfer
events among prokaryotes may obscure the phylogenetic
relationship between nuclear genes derived from the en-
dosymbionts and their prokaryotic ancestors [48]. How-
ever, that mainly applies for gene transfers that occurred
before the extant eukaryotic lineages diverged. More re-
cent LGT events are expected to produce rather different
patterns if the taxonomic sampling is large enough and
transfer events are frequent enough; endosymbiotic gene
transfer events should give a single eukaryotic clade, ide-
ally grouping with cyanobacteria or a-proteobacteria
(fig. 1D), while LGT events should give polyphyletic eu-
karyotes, ideally nested within recognized prokaryotic
groups (fig. 1E).
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A recent paper that compared the yeast genome to a large
number of prokaryotic genomes using a method based on
similarity searches found that about 75% of the genes that
showed detectable similarities with prokaryotic genes
had greater amino acid identities to eubacterial than ar-
chaeal homologs [47]. The authors argued that endosym-
biotic gene transfer explained the vast majority of these
similarities — LGT from eubacteria was dismissed for
three reasons: yeast is not phagotrophic; only six genes
(0.7% of the genes with prokaryotic homologs) were ab-
sent from other eukaryotic species; and the study did not
reveal any ‘recent’ LGT events — while recent mitochon-
drial transfers are observed frequently [49]. One problem
with the detection of prokaryote-to-eukaryote gene trans-
fers is that the donor lineage is not expected to be present
in the sequence databases since only a tiny fraction of the
prokaryotic diversity has been sequenced. Therefore,
LGT events appear more ancient than they are, in contrast
to recent transfers from the mitochondrion to the nucleus
where the donor genome almost always is sequenced
[49]. Also, the authors failed to test whether the eubacte-
rial yeast genes present in other genomes showed greater
sequence identity to other eukaryotes than to any eubac-
teria, as they should if they originated from the mito-
chondria rather than from diverse eubacterial lineages
(fig. 1). If not, the presence of the gene in other eukary-
otic lineages does not make the argument for endosymbi-
otic gene transfer any stronger, rather the opposite, al-
though phylogenetic analyses are needed to draw any
firm conclusions. Finally, the non-phagotrophic lifestyle
of yeast is possibly a derived feature [50] — they may have
had phagotrophic ancestors that acquired genes from
prokaryotes via LGT. Thus, the conclusion that only a
very tiny fraction of the yeast genes with eubacterial ori-
gin could be explained by LGT [47] is premature; further
analyses are needed to identify the origin of these eu-
karyotic genes.

Gene transfers between eukaryotes independent
of secondary endosymbionts?

For gene transfer events within eukaryotes it is more
complicated to distinguish between LGT and endosymbi-
otic gene transfer events mediated by plastids, mainly be-
cause the number and nature of the secondary endosym-
bioses that have occurred during algal evolution are not
completely understood [51-53]. However, organisms that
are capable of initiate secondary endosymbiosis should
also be able to ingest eukaryotic cells for other reasons,
which may lead to LGT events. Therefore, the presence of
a gene with foreign eukaryotic origin in a lineage harbor-
ing secondary plastids should not naively be assumed to
have originated from the endosymbiont. An instructive
example of this comes from a study of the algal group
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Chlorachniophytes, which are amoeboflagellates that
have recruited their plastids secondarily by engulfing a
green alga [54]. Phylogenetic analyses of 78 plastid-tar-
geted proteins in the Bigelowiella natans (a chlorachnio-
phyte) indicated that ~20% of these were not derived
from the green algal endosymbiont, as expected, but re-
cruited from various lineages via LGT. Most of these
were of non-green algal origin, but some were recruited
from eubacteria [54]. Interestingly, the homologous
genes of the chlorophyte Chlamydomonas do not show
any indications of LGT. These differences in the rates of
gene transfer were hypothesized to be due to the different
lifestyles of the chlorophyte and the chlorachniophyte;
the former is a strict autotroph, while the latter is a
mixotroph which is able to be photosynthetic as well as
phagotrophic — an important trait for gene transfer in
eukaryotes [54].

There are additional hints that genes may be transferred
between eukaryotes independent of endosymbioses. Phy-
logenetic analyses of the glyceraldehyde-3-phosphate
(GAPDH) genes have revealed a very complex pattern of
relationships which only can be explained by frequent
gene transfers among and between prokaryotes and eu-
karyotes [55-58]. Interestingly, different lineages of di-
noflagellates have acquired genes from euglenozoan lin-
eages two, or maybe three, times independently [57]. It is
currently unknown whether these intradomain transfers
occurred from an endosymbiotic euglenozoan, or a eu-
glenozoan ingested as food by the dinoflagellate [57, 59].
Enolase is another metabolic enzyme with a very com-
plex evolutionary history — shared insertion sequences
between apicomplexan parasites, ciliates and distantly re-
lated plants have been inferred as indication of an LGT
event [60, 61]. Since the phylogeny of the whole gene dis-
agreed with the distribution of the insertions, the authors
suggested that only a part of the enolase gene was trans-
ferred in this event and recombined in the recipient lin-
eage [60]. Subsequent more taxon-rich phylogenetic
analyses of enolase complicated the pattern — a single
LGT event in eukaryotes was clearly insufficient to ex-
plained the topology [61]. The pattern of the insertion se-
quences is very complex, with the species possessing the
insertion showing up in five positions in the tree, indicat-
ing that LGT is unlikely to solely explain the distribution
of the insertion. At any rate, the phylogenetic analyses of
enolase strongly suggested a couple of eukaryote intrado-
main transfers. For example, the three dinoflagellate eno-
lase paralogs show up in distinct regions, indicating sep-
arate origins via LGT from different eukaryotic lineages
[61], which suggest LGT events — dinoflagellates are
known to graze on eukaryotes [62]. Overall, detailed phy-
logenetic analyses of the metabolic enzymes GAPDH
and enolase have revealed very complex evolutionary
histories which indicate that many evolutionary forces
have been at work, including several clear cases of in-
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tradomain gene transfer, which may or may not involve
secondary endosymbiosis [57, 59—61]. A better under-
standing of endosymbiotic events within eukaryotes is
clearly needed before firm conclusions can be drawn
from these kinds of data.

Gene transfer between eukaryotes that do not
harbor secondary endosymbionts

Fortunately, for non-algal eukaryotes it is somewhat eas-
ier to identify intradomain transfers. For example, the
finding that there are two phylogenetically distinct, but
functional interchangeable, proteins involved in the eu-
karyotic translational machinery — the canonical EF-1a
and an EF-like (EFL) protein — is very intriguing [63];
key components in the translational machinery are
thought to be highly resistant to gene transfer [5, 64]. The
EFL protein is found in diverse lineages of eukaryotes,
and its presence is almost always coupled with the ab-
sence of a canonical EF-1a. Although ancient duplication
and differential loss of the two classes, in principle, could
explain the distribution, a scenario with frequent intrado-
main gene transfers of EFL coupled with losses of EF-1a
appears much more consistent with the observation [63],
which suggests that proteins with complex interactions
may also be replaced by functional homologs in eukary-
otes. Since the putative LGT events involve both algal
and non-algal eukaryotes, a scenario where only en-
dosymbiotic events distributed the gene seems very un-
likely. Another example of intradomain gene transfer of
proteins involved in the translational machinery is the ac-
quisitions of alanyl-transfer RNA (tRNA) synthetase
genes in ciliates and Entamoeba from the parabasalid lin-
eage [65]. Endosymbiotic relationships are unknown be-
tween the inferred donor and recipient lineages, which ar-
gues against the possibility that these genes were spread
via endosymbiotic events. Rather, both ciliates and Enta-
moeba are known to be able to ingest eukaryotic cells
[66-68], which suggests a mode of transfer via food.
The reports of gene transfer of mitochondrial genes be-
tween unrelated species of plants were surprising
[69-71]. In all three cases strongly supported phyloge-
netic relationships of genes that disagree with organismal
phylogenies were inferred as LGT events. The mecha-
nism in the first two cases is unknown, although viruses
have been suggested [69, 70]. The third reported case in-
volved an LGT to a parasitic plant from the host, where
the direct and prolonged contact make suggesting any in-
termediate vector for the transfer unnecessary [71]. Al-
though these three reports have focused on transfer of mi-
tochondrial genes, there is no reason to believe that the
mechanism of gene transfer is not operating on the plant
nuclear genome [70].
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The direction of gene transfer

The vast majority of the reported interdomain transfers
between prokaryotes and eukaryotes are in the direction
to eukaryotes (table 1), although there have been reports
that prokaryotes acquired eukaryotic genes at a signifi-
cant rate [23, 72]. However, it is unclear how the direction
of transfer was deduced from the similarity search-based
method applied [23], and the large-scale phylogenetic
analyses are problematic to evaluate since only distance-
based methods were applied and detailed bootstrap sup-
port values were omitted [72]. Furthermore, rigorous
phylogenetic analyses of mycobacterial genes proposed
to be of eukaryotic origin [73] showed that alternative ex-
planation not involving LGT in most cases more easily
explained the distribution of the genes [74]. Thus, there
seem to be very few cases of putative eukaryote-to-
prokaryote gene transfer that hold up for careful analyses.
The tubulin genes found in Prostecobacter might be an
exception [75]; these eukaryotic genes are only found in
this single prokaryotic lineage which live in close prox-
imity to eukaryotes as ectosymbionts of ciliates [76]. The
divergent nature of the Prostecobacter tubulin gene se-
quences revealed in the phylogenetic trees [75] most
likely is due to relaxed functional constraints in the
prokaryotic cell, rather than a sign of an ancient presence
in prokaryotes. Another example might be the deoxyri-
bose-phosphate aldolase gene in some proteobacteria,
which appears to have a metazoan origin [77].

The skewed distribution of genome sequences in favor of
prokaryotes may, in principle, bias the observations to-
wards prokaryote-to-eukaryote transfers. However, there
are several likely biological reasons for the bias. The pres-
ence of introns in many eukaryotic lineages is a potential
barrier against gene transfer since an intron-containing
eukaryotic gene cannot be expressed in a prokaryote. In
theory, a gene transfer event could involve a spliced mes-
senger RNA (mRNA) intermediate, although this would
require a direct physical contact between the donor and
recipient organisms, since RNA molecules are expected
to be degraded quickly in the environment. Maybe a
stronger argument for the dominance of transfers in the
direction to eukaryotes is that there are many more possi-
bilities in this direction. The last common eukaryotic an-
cestor most probably was a mitochondria-containing or-
ganism [78] which had two genomes — the nuclear and the
mitochondrial, with a defined number of genes. LGT
from prokaryotes may have been an evolutionary mecha-
nism accelerating the diversification of eukaryotes from
this common ancestor. The prokaryotic diversity was
probably already huge with large biochemical diversity,
and acquisitions of prokaryotic genes may have allowed
eukaryotes to inhabit diverse environments, which were
inaccessible for the ancestral eukaryote.
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Indeed, many of the observed interdomain gene transfers
involve metabolic genes that confer a new function on the
eukaryotic recipients (table 1). For example, half of the
genes found to have originated via LGT in a survey of
diplomonad genomes turned out to be involved in anaer-
obic processes, suggesting that diplomonads have
adapted to an anaerobic lifestyle secondarily from an aer-
obic ancestor [77]. Strikingly, Entamoeba histolytica,
which have adapted to a similar lifestyle in oxygen-poor
environments, acquired most of the anaerobic genes in
separate LGT events [77], and several other genes have
been acquired by both diplomonads and Entamoeba from
anaerobic prokaryotes (table 1). In fact, any gene function
that is present in a prokaryote and could be advantageous
for a eukaryote may, in principle, be acquired by a eu-
karyote. Classes of genes that could be expected to be hot
spots for such transfers are genes responsible for bio-
chemistry not normally found in eukaryotes and genes
that provide access to new ecological niches; LGT may
turn out to be an evolutionary mechanism that is able to
change the ecological and pathogenic character of micro-
bial eukaryotes, as it has been suggested for prokaryotes
[2]. In contrast, the eukaryotic genes that would be favor-
able in a prokaryotic organism are most likely many
fewer, with the putative transfer of tubulin genes — which
are central to the eukaryotic cell — as an intriguing excep-
tion [75].

Inter- or intradomain transfers?

The majority of the reported cases of gene transfers af-
fecting eukaryotes are transfers from prokaryotes (inter-
domain transfers) (tables 1 and 2). Since the expression of
a functional gene product is necessary for a laterally
transferred gene to be maintained in the population and
the gene expression machineries are different in prokary-
otes and eukaryotes, the probability for a gene acquired
from a prokaryote to be successfully expressed in a eu-
karyote should be lower than for a gene acquired from an-
other eukaryote. Therefore, the observed bias towards in-
terdomain transfers is counterintuitive, and may indeed
be a false reflection of the underlying biological pattern.
Interdomain transfers are relatively easy to detect with
phylogenetic methods since the taxonomic sampling of
prokaryotic genome sequences is becoming reasonably
good, and eukaryotic sequences nested within prokary-
otic sequences is a strong signal in favor of a transfer
event. On the other hand, the taxonomic sampling of eu-
karyotic genome sequences is still very sparse, with only
a minority of major eukaryotic groups represented, mak-
ing transfers between eukaryotes difficult to detect — the
probability that a close relative to both the eukaryotic
donor and recipient lineage is sampled should be very
small. Also, the knowledge of eukaryote phylogeny is rel-
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atively poor, and only recently have a handful of ‘super-
groups’ been identified [50, 79, 80]. Thus, in the absence
of good knowledge of organismal phylogeny, it has been
difficult to identify unexpected phylogenetic relation-
ships between eukaryotic lineages in gene trees that
would indicate LGT events.

However, the observed bias towards inter- compared with
intradomain transfers may also be due to a higher expo-
sure of prokaryotic than eukaryotic DNA in many eu-
karyotic lineages. If ingestion of cells via food is indeed
an important mechanism for gene transfer in eukaryotes
[14, 15], a higher fraction of prokaryotes than eukaryotes
in the food for phagotrophic eukaryotes could explain the
dominance of interdomain transfer. Indeed, many inter-
domain transfers have been reported for diplomonads —
small flagellates that mainly ingest prokaryotes [81] — as
the recipient lineages (table 1). On the other hand, larger
phagotrophic species, such as dinoflagellates and ciliates,
which ingest eukaryotes as well as prokaryotes [62], ap-
pear more often to be the recipient lineages in intrado-
main LGT events (table 2). Comparative studies of the
frequency and patterns of LGT in phagotrophic species
will be able to test this hypothesis — the number of events
is currently very small. If it turns out that there exists a
connection between feeding habits and patterns of gene
transfer, it is a strong indication that the phagotrophy in-
deed is most relevant as a mechanism for gene transfers
[14, 15].

LGT is frequent in phagotrophic eukaryotes ...

The cases listed in tables 1 and 2 indicate that LGT is an
evolutionary mechanism that operates in many eukary-
otic lineages, although there seem to be large variations
in frequency between lineages. Generally, phagotrophs
appear to be affected at a substantial rate; the number of
reports in some lineages, such as diplomonads,
parabasalids and Entamoeba, hints at an important role
for LGT in these groups (table 1), and several individual
cases have been reported from other phagotrophic lin-
eages, for example dinoflagellates and ciliates (tables 1
and 2). In an attempt to estimate the frequencies of gene
transfer in the glutamate dehydrogenase gene families,
comparable rates were found for eukaryotes and prokary-
otes; three transfers identified between eubacteria and eu-
karyotes, two transfers between the two prokaryotic do-
mains and seven transfers within eubacteria [44]. Simi-
larly, analyses of prolyl- and alanyl-tRNA synthetase
identified comparable numbers of LGT event affecting
prokaryotes and phagotrophic eukaryotes [65]. Two in-
tradomain and a putative interdomain prokaryotic LGT
event were inferred, while two archaea-to-eukaryote
transfers, two eukaryote-to-eukaryote and two putative
eubacteria-to-eukaryote transfers were inferred from the
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phylogenetic analyses, all affecting phagotrophic eukary-
otes [65]. Similar conclusions may be drawn from in-
spections of phylogenetic analyses of metabolic enzymes,
such as GAPDH [55-58] and alcohol dehydrogenase (fig.
2). Thus, rates of gene transfer in phagotrophic eukary-
otes may be comparable to rates of free-living prokary-
otes, although a much larger number of phylogenetic
analyses including homologous genes from diverse or-
ganisms of all three domains of life are needed to test this
hypothesis.

... but much rarer in fungi and animals

There seems to be a high variation of the frequency of
LGT within eukaryotes; animals and fungi are much less
affected than phagotrophic protists. Two recent compara-
tive genomics studies have failed to identify gene transfer
as an important mechanism in the evolution of yeast
genomes [47, 82]. Only a few lineage-specific yeast pro-
teins that showed similarities to prokaryotic homologs
were detected, indicating a low rate of gene transfer in
yeasts. Still, clusters of genes encoding secondary
metabolite enzymes in fungi have been taken as an indi-
cation that LGT is important in their evolution [11, 83] —
gene transfer has been suggested to maintain gene clus-
ters in prokaryotes (‘selfish operons’) [84], although phy-
logenetic analyses of one of the families of secondary
metabolite enzymes — polyketide synthetases — indicated
that gene duplications and losses explained the data
equally well, suggesting only a minor role of LGT [85].
Nevertheless, gene transfer events are not totally absent
from the genome evolution of fungi; the yeast flavohe-
moglobin has been identified to have bacterial origin
[77], and most enzymes that play important roles in the
degradation of cellulose in rumen fungi have been shown
to have been acquired via LGT from rumen bacteria, in-
dicating that the process of gene transfer was probably the
key event for the colonization of the rumen by fungi [86].
Additionally, discontinuous phylogenetic distribution of
pea pathogenicity gene clusters in two filamentous fungi
suggests that transfer of genes could, at least occasionally,
be involved in the evolution of fungal pathogenicity [87].
There have been few reports of LGT affecting animals
that have held up for rigorous analyses, despite the avail-
ability of a large amount of genome sequence data. There
are indeed a few notable exceptions; ascidian urochor-
dates appear to have acquired a cellulose synthase gene
from eubacteria [88, 89], 12 genes involved in the plant-
parasitic lifestyle of the nematode Meloidogyne are
strong candidates to have been acquired via LGT, mostly
from rhizobial eubacterial species [90], phylogenetic
analyses identified eubacterial sources for two metazoan
metabolic genes [77] and a fragment of the genome of the
Wolbachia endosymbiont of the beetle Callosobruchus
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chinensis apparently has been transferred to the host nu-
cleus [91]. Still, gene transfer is likely a very rare event in
the evolution of animals. Similarly, the lack of examples
of LGT from non-plant sources into plants — the transfer
of Agrobacterium genes to the Nicotiana lineage is an ex-
ception [92] — indicates that the frequency of such trans-
fers is very low. Nonetheless, the recent findings that
gene transfer is a widespread phenomenon among the
plant mitochondrial genomes [69-71] suggest that gene
transfer between plant nuclear genomes may also be com-
mon [70]. Further studies of animal mitochondrial, and
nuclear, genes are needed to examine whether animal-to-
animal LGT occurs, as in the cases of plants.

Large variations of the rates of LGT in eukaryotes

The differences in the frequencies of gene transfers be-
tween eukaryotic lineages are likely to be due to a num-
ber of factors. Exposure to foreign DNA of the germ line
is probably a main factor; it is easy to imagine that the
genome of a phagotrophic protist experiences a larger
amount of foreign genes than the sequestered germ lines
of animals. The observation that ciliates do participate in
gene transfer events (tables 1 and 2), although they have
sequestered germ lines, is likely explained by the fact that
they are unicellular and the germ lines possibly are ex-
posed to foreign genetic material since they are
phagotrophic. Other factors affecting the lineage-specific
rates of LGT might include the efficiency of incorpora-
tion of DNA into the genome, and the flexibility of gene
expression mechanisms (i.e. the same prokaryotic gene
may have widely different probabilities to be expressed in
different eukaryotes). In addition, factors such as the
strength of selection for the incorporated gene, and
population sizes, vary between lineages and affect the
probability of a successful LGT. Obviously, understand-
ing the process of gene transfer in eukaryotes is currently
limited; phagotrophy likely explains a number of trans-
fers (tables 1 and 2) [14, 15], but the mechanisms behind
some of the examples remain enigmatic. For example, the
lifestyle of Apicomplexa — they are non-phagotrophic in-
tracellular parasites — may suggest that they are resistance
to gene transfer, yet there are many published examples
from this group [34—-37]. Although transfer in a free-liv-
ing phagotrophic ancestor [93] is a putative explanation
for some of these, it is not satisfactory for all, since many
of the transfers are unique to a subset of the available api-
complexan genomes [34-37].

LGT and eukaryotic origin

The occurrence of LGT makes the evolutionary history of
eukaryotic genomes much more complex than previously
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thought, which has important implication for the various
‘fusion” hypotheses for the origin of the eukaryotic cells
[47, 94-101] that have been proposed to explain the ob-
servation that many eukaryotic genes are more closely re-
lated to Eubacteria than Archaea [47, 95, 99-101]. The
origins of all eukaryotic members of a gene family may
not necessarily be the same, since some lineages may
have acquired the gene by LGT from prokaryotes after di-
vergence of extant lineages. Therefore, the fusion hy-
pothesis cannot be based on prokaryotic phylogenetic
affinities of genes in a single eukaryotic genome, such as
yeast [95, 98]. Rather, the sampling of eukaryotes should
be as broad as possible to identify genes that truly were
present in the last common eukaryotic ancestor. However,
even such genes could have been acquired from prokary-
otes via LGT after the eukaryotic lineage diverged from
Archaea and Eubacteria. The small subunit glutamate
synthase may be one such example; this gene was proba-
bly transferred from a low G+C Gram-positive eubacteria
to an ancestor of animals and plants, which indicates that
it was already present in the last common ancestor of all
extant eukaryotes [41].

Obviously, the support for the various ‘fusion” hypotheses
needs to be reanalyzed. The signal from proposed fusion
events may be detectable behind the noise introduced by
subsequent LGT events. Perhaps more likely, phyloge-
netic support may fall apart when analyzed with more re-
alistic assumptions. If so, we are left with one of the
largest unsolved problems in evolutionary biology: how
the eukaryote cell originated from prokaryotic cells.
Clearly, the possibility that continuous transfer from LGT
from various prokaryotic lineages played an important
role in the origin and evolution of eukaryotic organisms
should be taken into account in any future hypotheses
about the origin of the eukaryotic cell [14, 15, 77, 102,
103].

LGT and eukaryote phylogeny

The effects of LGT on the possibilities of reconstructing
an organismal tree for prokaryotes has been widely de-
bated [1, 4, 5, 31]. Some authors have questioned the
meaning of an organismal phylogeny for prokaryotes in
the presence of frequent gene transfer [1, 31]. Similarly,
the possibility to resolve the eukaryote phylogeny is de-
pendent on the frequency of LGT. Intradomain gene re-
placements — which appear to be relatively frequent (table
2) — are especially problematic; these are difficult to de-
tect since phylogenetic signals from such events are eas-
ily mistaken as signals from organismal relationships. For
example, the recent finding that EF-1a probably was re-
placed by a functional similar EF-like homolog in many
eukaryotic lineages suggests that EF-1a may also un-
dergo gene transfer [63], indicating that phylogenies
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based on this marker, which already previously has been
identified as problematic [104], should be treated cau-
tiously. Thus, LGT will probably turn out to be a major
challenge for efforts to reconstruct eukaryote phyloge-
nies.

Nevertheless, important advances in the field of eukary-
ote phylogeny have occurred recently [50, 79, 80], al-
though the phylogeny of eukaryotes is far from resolved.
In addition to datasets of concatenated protein sequences
[32, 33], rare evolutionary events such as insertions in
gene sequences and gene fusions have been used to pin-
point phylogenetic relationships between eukaryotic
groups [105, 106]. These markers have been shown to be
very useful complements to methods of phylogenetic in-
ference based on gene sequences to resolve deep rela-
tionships within eukaryotes, since such relationships
have been notoriously difficult to resolve with traditional
molecular methods. Similarly, interdomain gene transfer
events shared between eukaryotic groups may be very
useful in untangling eukaryote phylogeny. For example,
two interdomain transfer events from the archaeal phy-
lum Nanoarchaeota shared between diplomonads and
parabasalids unite these two eukaryotic groups, which
both have been very difficult to place in the tree of life
[65]. Clearly, gene transfer events can be both advanta-
geous and disadvantageous for efforts to reconstruct eu-
karyote phylogeny.

Concluding remarks

The occurrence of LGT in eukaryotes has been neglected
for a long time. Recent findings indicate that the process
does occur in most lineages of eukaryotes to some de-
gree, and probably is an important mechanism in many.
Therefore, the possibility of gene transfer should not be
dismissed in eukaryotic comparative genomics studies;
rather it should be integrated as an additional mechanism
by which eukaryotic organisms may evolve. If incorpo-
rated, the process of LGT will probably explain aspects of
eukaryote genome evolution that have been problematic
to understand with previously acknowledged processes
such as gene duplication and divergence, and gene trans-
fer from organelles. This is obviously important to con-
sider for a deeper understanding of the origin and phy-
logeny of eukaryotes, but an awareness of LGT is also
needed for everybody using ‘lower’ eukaryotes as model
organisms to study basic eukaryotic functions. Strict ver-
tical transmission of these functions should not naively be
assumed; the presence of a function in one eukaryotic lin-
eage does not necessarily indicate its presence in all lin-
eages. These kind of studies could also have practical im-
plications — identification of prokaryotic genes in human
parasites may be used to identify suitable drug targets.
Also, a better understanding of the mechanisms and pat-
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terns of gene transfer in eukaryotes would help risk as-
sessments for release of genetically modified organisms
in the field [107]. Future studies of LGT will most likely
contribute new insights into many different aspects of eu-
karyotic genomics in unforeseen ways.
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