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Abstract
Horizontal gene transfer is increasingly described between bacteria and animals. Such transfers
that are vertically inherited have the potential to influence the evolution of animals. One classic
example is the transfer of DNA from mitochondria and chloroplasts to the nucleus after the
acquisition of these organelles by eukaryotes. Even today, many of the described instances of
bacteria to animal transfer occur as part of intimate relationships like those of endosymbionts and
their invertebrate hosts, particularly insects and nematodes, while numerous transfers are also
found in asexual animals. Both of these observations are consistent with modern evolutionary
theory, in particular the serial endosymbiotic theory and Muller’s ratchet. While it is tempting to
suggest that these particular lifestyles might promote horizontal gene transfer, it is difficult to
ascertain given the non-random sampling of animal genome sequencing projects and the lack of a
systematic analysis of animal genomes for such transfers.

Occurrence and significance of horizontal gene transfer
Horizontal gene transfer (HGT) is the transfer of DNA between diverse organisms which
allows for the acquisition of novel traits that are unique from those inherited. The advent of
large scale genome sequencing has greatly improved our understanding of the importance of
HGT particularly among Eubacteria where most cases of genetic transfers have been
described so far. For example, the phylogenetic analysis of 144 prokaryotic genomes has
indicated that, although most genetic information flows vertically, genes are also frequently
transferred horizontally between closely related taxa and between bacteria inhabiting the
same environment [1]. HGT in Eubacteria has been implicated in the acquisition and
evolution of many traits including antibiotic resistance, pathogenesis, and bioremediation
[2,3].

Although less common, HGT events among eukaryotes have also been identified. In
animals, cases of eukaryote-to-eukaryote HGT include the recent acquisition of P elements
by Drosophila melanogaster from Drosophila willistoni [4,5], the horizontal transfer of
lectin-like antifreeze proteins between fishes [6], and transfer of genes for carotenoid
biosynthesis from fungi to pea aphids [7]. Recently, heritable HGT was even described in
humans from the mitochondria-derived mini-circles in the eukaryote Trypanosoma cruzi, the
causative agent of Chagas disease [8], suggesting HGT can occur in human germ cells.

While most described HGT events occur within a single domain of life and mainly involve
bacteria-to-bacteria transfers, HGT between the different domains of life (Archaea,
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Eubacteria and Eukaryota) has also been described. For example, the Eubacteria
Thermotoga maritima harbors eighty-one archaeal genes clustered in fifteen 4–20 kbp
islands [9]. In one of the best studied example involving Eubacteria and Eukaryota,
Agrobacterium tumefaciens intentionally transfers 10–30 kbp of T-DNA from its Ti plasmid
(200–800 kbp in size) to plants [10].

Many instances of interdomain HGT involve transfers between bacteria and eukaryotes,
with bacteria-to-eukaryote HGT being more frequent than transfers from a eukaryote-to-
bacteria. So far, bacteria-to-animal transfers appear to be limited to invertebrate animals and
are particularly prevalent from endosymbiotic bacteria to their host and from bacteria to
asexual animals. Here, I provide an overview of many recent examples of interdomain HGT
between bacteria and animals (Figure 1) and discuss the role that HGT systems could play in
testing evolutionary theories.

Bacteria-to-animal HGT
Bacteria-to-animal HGT can be divided into those arising from free-living bacteria and those
arising from endosymbionts. Endosymbiont-to-animal HGT is likely more frequent because
of the close and constant proximity of the cells from both organisms. Such transfers are
likely to be even more common for endosymbionts that live in germ cells where transfers are
likely to be passed on to future generations. Mitochondria and chlroroplast are an example
of such a scenario. These organelles arose from an alpha-proteobacteria endosymbiont and a
cyanobacteria endosymbiont, respectively, and both are found in reproductive cells and are
transmitted to offspring through germ cells. DNA transfers occur routinely from these
organelles’ genomes to the nuclear genome

Such organelle transfers have played important roles in the evolution of Eukaryotes [11,12].
One striking example of an organelle-to-eukaryote transfer is the transfer of 270 kbp (75%)
of the nuclear mitochondrial insert (numt) to the Arabidopsis thaliana chromosome 2
centromere [13]. The chromosomal sequence is 99% identical to the mitochondrial genome,
suggesting that the transfer occurred recently [13].

HGT is hypothesized to be a crucial step in the transition of endosymbionts to organelles as
the “host” nucleus begins to encode for organelle proteins [14]. A HGT ratchet has been
proposed to explain the accumulation of nuclear genes of organelle origin [15]. A similar
ratchet has been proposed to explain the transfer of bacterial genes to the phagotrophic
unicellular eukaryotes that feed on them [15]. Such ratchets may be applicable to all cases of
repeated HGT where two organisms have an intimate and ongoing relationship (Figure 2).

Most cases of endosymbiont-to-eukaryote HGT described thus far involve Wolbachia
endosymbionts. Wolbachia bacteria are endosymbionts that infect a wide range of
arthropods and filarial nematodes, including 20–70% of insect species [16,17]. Like
mitochondria, Wolbachia cells are intracellular, maternally inherited, and transferred
through the egg cytoplasm [16,17], making them ideal donors for heritable HGT to
eukaryotic genomes. I will now describe examples of each type of transfer beginning with
those involving Wolbachia endosymbionts.

Wolbachia-to-arthropod HGT
Wolbachia-to-arthropod HGT have been described in the pea aphid (Hemiptera), mosquitoes
(Diptera), a beetle (Coleoptera), fruit flies (Diptera), and parasitoid wasps (Hymenoptera).
The first Wolbachia-host transfer described was a variant of the bean beetle Callosobruchus
chinensis that contained Wolbachia genes in its chromosome [18]. Subsequently, ~30% of a
Wolbachia genome was found on the X-chromosome, likely as the result of a single HGT
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event [19]. Approximately half of the genes examined were transcribed, albeit at low levels
[19]. It is not known if such transcription is biologically relevant (Box 1), but low level
transcription is a trait commonly seen in bacteria-eukaryote HGT.

Box 1

Evidence for functional HGT

Finding bacterial DNA in an animal genome is not sufficient to imply that this DNA is
functional in the host genome. Two relatively straightforward techniques are typically
employed to assess function in an organism for genes not arising from HGT: (1)
characterize the sequence and abundance of transcripts and (2) clone, express, and assay
the corresponding protein. However, in the case of HGT, the relevance of this evidence
can be questioned. In the absence of sufficient time to accumulate deleterious mutations,
a cloned protein will maintain the same characteristics as in the bacteria where it was
likely functional. But are these properties really sufficient for proper folding and activity
in a eukaryotic cell?

Interpreting transcription data can be equally troublesome. Almost all of the recently
described cases of bacteria-to-animal HGT describe some level of transcription.
Although transcription is necessary for function; transcription does not imply function.
For example, the ENCODE project found that most of the human genome is transcribed
[59]. No criteria exist for defining a biologically relevant level of transcription. However,
one might expect that tissue specific transcription might indicate functionality. In A.
viteae and O. flexuosa, in situ hybridization revealed such tissue specific expression of
DNA resulting from Wolbachia HGT. Yet, these transcripts themselves contained
pseudogenes that would not be expected to encode a functional protein product [28]. In
these organisms, almost half of all transcripts containing Wolbachia sequence contained
pseudogenes making their function unclear [28].

The gold standard for determining functionality for genes resulting from HGT is a
phenotype that correlates to the presence of those genes. A beautiful example of this is
the transfer of carotenoid biosynthetic genes from fungi to aphids that correlates to
natural red or green coloration in the aphids [7]. However, it is sometimes difficult to
ascertain a phenotype. When an entire bacterial genome is transferred to an animal,
where do you start?

Wolbachia transfers have now been identified in the genomes of diverse invertebrate taxa
[20–23]. The HGT to Drosophila ananassae from its Wolbachia endosymbiont is the largest
as the entire ~1.4 Mbp Wolbachia genome has been integrated into the D. ananassae Hawaii
2L chromosome [20]. Wolbachia nuclear inserts were detected in four lines of D. ananassae
from Asia and the Pacific indicating that the insert may be widely distributed [20]. At least
28 D. ananassae genes of Wolbachia origin are transcribed [20], albeit at low levels as is
seen in C. chinensis.

Another such transfer appears to involve the trio of parasitoid wasps, pox viruses, and
obligate intracellular bacteria, including Wolbachia sp. and Orientia tsutsugamushi [23].
The wasp Nasonia vitripennis genome contains 13 ankyrin repeat proteins that also contain a
C-terminal domain (PRANC) previously only identified in Pox viruses [23]. These proteins
are found in diverse Wolbachia strains [23], and phylogenetic analysis of the PRANC-
domain reveals that Nasonia wasps acquired one or more of these proteins from Wolbachia
followed by gene duplication and divergence [23]. Most of the genes are transcribed in both
males and females and through various life stages as assessed using tiling microarrays.
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Eight of the eleven arthropod and nematode genomes available in 2007 that contained
Wolbachia sequence showed evidence of having HGT between the endosymbiont genome
and the host chromosomes [20]. Host-endosymbiont HGT was experimentally verified in 5
of these hosts [20]. Although the sample was small and not random with a high incidence of
Drosophila genomes, it suggests that such nuclear inserts are common and that 70% of
Wolbachia-infected hosts may have a nuclear insert. The incidence in filarial nematodes is
likely higher, as HGT has been found in every organism examined thus far. Further
examination of Wolbachia-to-animal HGT may provide opportunities to examine specific
theories in evolution like Muller’s ratchet and the serial endosymbiont theory (Box 2).

Box 2

Testing Theories of Evolution Using Wolbachia-Host HGT

The extensive levels of HGT between Wolbachia endosymbionts and their animal hosts
may provide opportunities to test hypotheses and examine phenomena in evolutionary
biology.

Muller’s ratchet

Muller's ratchet suggests that in the absence of recombination through sexual
reproduction, asexual organisms will accumulate mutations in an irreversible manner. In
general, HGT is thought to be more prevalent in asexual organisms, particularly bacteria,
where it can serve as a source of variation normally afforded sexual organisms through
recombination. Yet, it is difficult when comparing vastly different life forms (e.g.
bacteria and animals) to determine what role asexuality plays in HGT. Wolbachia-
infected animals, in particularly those where Wolbachia induces asexual reproduction
through parthenogenesis, can be exploited to test this hypothesis. Specifically, is HGT
from the Wolbachia genome, as well as from the mitochondrial genome, more prevalent
in exclusively asexual lineages of insects as compared to closely related lineages also
infected with Wolbachia but that reproduce exclusively by sexual reproduction?

Role of HGT in the serial endosymbiont theory

Organelle HGT is hypothesized to be a crucial step in the transition of endosymbionts to
organelles as the “host” nucleus begins to encode for organelle proteins [14]. Yet despite
numerous endosymbiont relationships, this has only happened a handful of times. Is this
because HGT from endosymbiont to host is now rarer than in the distant past, possibly
because germ cells are better segregated? Or is it only when compartmentalization of
particular tasks is necessary, as is the case for energy metabolism, that the organelle
structure is maintained? Further analysis of the extent of HGT involving endosymbionts
may provide insights into these possibilities and as such the serial endosymbiont theory.
For instance, is HGT limited to gamete-associated endosymbionts like Wolbachia? Or is
HGT to the host found more often with endosymbionts with reduced genomes?

Wolbachia-to-nematode HGT
Unlike insects, most filarial nematodes (Filarioidea) are thought to have an obligate
mutualistic symbiosis with their Wolbachia strains [24–27]. Therefore, when the genome of
Brugia malayi was sequenced, the genome of its Wolbachia endosymbiont was sequenced
concomitantly, complicating identification of HGT. Despite stringent attempts to remove
endosymbiont sequences from the worm genome, it is riddled with 249 contigs that contain
Wolbachia sequence fragments; eight junctions of Wolbachia-nematode DNA were
confirmed in these contigs [20].
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The origin of the Wolbachia-filaria symbiosis is thought to have arisen about 50 million
years ago in the ancestor of the subfamilies Onchocercinae and the Dirofilariinae [25–27].
Since that time there has been six independent losses of the Wolbachia symbiont [25–27].
Two endosymbiont-free lineages, Acanthocheilonema viteae (a rodent parasite) and
Onchocerca flexuosa (a deer parasite), have evidence of numerous genes of Wolbachia
ancestry [28] as ascertained by whole genome sequencing. This suggests that they were both
once colonized with Wolbachia strains and that prior to the loss of the endosymbiont there
was extensive bacteria-host HGT [28]. Transcription of HGT fragments was observed,
including tissue specific transcription observed by in situ hybridization [28]. Many of the
transcripts were from pseudogenes, including those examined by in situ hybridization [28].
As they are unable to encode the expected protein, the function of these transcripts, if any, is
unclear.

Unlike in insects where Wolbachia is typically a facultative and often parasitic symbiont that
is unnecessary for survival [16], an interesting scenario arises for co-evolving obligate
mutualistic symbionts, like Wolbachia in filarial nematodes [24–27]. When endosymbiont
genes essential for nematode survival are transferred to the nuclear chromosome through a
HGT ratchet, the endosymbiont can now be lost (Figure 2). In the case of a formerly
obligate endosymbiont, this would result in the presence of endosymbiont-free lineages in
clades of organisms with co-evolving obligate symbionts. This is seen for filarial nematodes
[25–27], although changes in the nematode biology, like a host shift that make the
endosymbiont obsolete, may also explain this scenario. This type of HGT could have
important medical implications, as patients infected with filarial nematodes are currently
being treated with antibiotics targeting Wolbachia cells [29,30]. Under this scenario of HGT
facilitating endosymbiont loss, antibiotic treatment could drive endosymbiont loss in these
medically important filarial nematodes, although, importantly, this has not yet been
observed.

Bacteria-to-animal HGT involving endosymbionts other than Wolbachia
Wolbachia bacteria may be the most ubiquitous of intracellular endosymbionts, but
numerous endosymbiotic relationships exist in nature that may provide the opportunity for
HGT. One of the best studied endosymbiotic relationships is that between the γ-
proteobacteria Buchnera aphidicola and its host, the pea aphid Acyrthosiphon pisum. Aphids
house B. aphidicola in the cytoplasm of specialized cells called bacteriocytes [31]. These
obligate mutualists have co-evolved to depend on one another for survival [31]. At 416-642
kbp, B. aphidicola genomes are highly reduced in size lacking the ability to encode proteins
that are essential in other bacteria [31]. This genome reduction is analogous to that seen in
organelles. Therefore, one might anticipate significant HGT from the Buchnera genome to
the aphid genome as has been seen for organelles. In addition to the obligate mutualistic
symbiosis the aphids have with B. aphidicola, they also have a facultative symbiosis with a
Wolbachia endosymbiont [31]. This provides an opportunity to compare the levels of HGT
between an obligate mutualist with a severely reduced genome to a facultative symbiont
with a significantly larger genome.

An exhaustive analysis of HGT in the pea aphid, Acyrthosiphon pisum, revealed only twelve
genes or gene fragments of bacterial origin [22]. Only two of these are from B. aphidicola,
and both are truncated with no evidence for transcription [22]. Five of the genes are most
closely related to the rickettsial bacteria Wolbachia sp. and Orientia tsutsugamushi [22]. The
ancestry of the remaining five genes, which resulted from a single HGT followed by
duplication, is not resolved [22]. While one might anticipate that more Buchnera genes
would be transferred, given the obligate symbiosis and reduced genome as discussed above,
this does not appear to be the case. It is not clear why functional Buchnera genes are not
found in the nuclear genome, particularly those for amino acid biosynthesis. This may
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merely reflect the opportunity each endosymbiont has for HGT in host germ cells. While
Wolbachia cells are known to be at a high density in the gametes, B. aphidicola cells are
largely confined to bacteriocytes and are only found in germ cells when being transmitted to
offspring [31]. As such B. aphidicola may not have enough opportunity to transfer its genes
to its host genome.

Interestingly, one of the gene transfers of rickettsial origin, ldcA, is transcribed in the
bacteriocyte and is involved in bacterial cell wall metabolism [22]. This protein is essential
in Escherichia coli, preventing lysis in stationary phase [32]. B. aphidicola has the
components to synthesize the bacterial cell wall, but lacks ldcA [32]. Presumably expression
of this nuclear-encoded gene in the bacteriocyte allows aphids to control cell wall
metabolism and thus growth of this organism. This raises an intriguing scenario of aphid
proteins of α-proteobacteria origin controlling growth of a γ-proteobacteria via cell wall
synthesis/degradation by the aphid [32].

Other bacteria-to-animal HGT events
Bacteria-animal HGT is not limited to endosymbiont interactions. Hydra are simple
freshwater animals that can reproduce asexually by budding. The Hydra magnipapillata
genome contains 71 candidates for HGT that show a closer relation to bacterial genes than
metazoan genes, and 70% of these are supported by ESTs [33]. Many of these 71 genes are
strong candidates for HGT as they only have bacterial homologs [33]. In bdelloid rotifers,
which are also small freshwater asexual animals, DNA from bacteria, fungi, and plants
appear to be concentrated in telomeric regions along with mobile genetic elements [34].
While some of the genes resulting from HGT are not functional, others are transcribed. Two
genes for bacterial peptidoglycan synthesis are transcribed with splicing of introns not
present in bacteria [34]. One of these proteins was overexpressed in E. coli and found to be a
functional enzyme [34].

These two asexual animal genomes show evidence for extensive HGT from diverse
organisms including bacteria. This may suggest a correlation between asexuality and the
presence and/or persistence of DNA resulting from HGT. This is consistent with Muller's
ratchet, which suggests that in the absence of recombination through sexual reproduction,
asexual organisms will accumulate mutations in an irreversible manner [35-37] including
DNA from HGT. The contribution of asexuality to HGT in animals can be examined using
Wolbachia and the reproductive phenotypes it induces, which include asexuality through
parthenogenesis (Box 2).

Numerous HGT events have also occurred during the evolution of plant parasitic nematodes.
It is thought that such transfers allowed the free-living ancestors of these nematodes to
exploit plants as a new ecological niche. Sixty genes for six protein families in the
Meloidogyne incognita genome were found to be the result of HGT from diverse bacterial
sources followed by subsequent gene duplication and expansion [38]. These include
cellulases, pectate lyases, and expansin-like proteins not typically found in other animals but
that are involved in degrading or modifying the plant cell wall [38]. The proteins have been
biochemically characterized, are secreted into plant tissues, and are involved in parasitism
[38]. Another plant parasitic nematode, Heterodera glycines, contains a biosynthetic
pathway for vitamin B6 of bacterial origin [39]. Despite the apparent prokaryotic origin of
these genes, they contain introns, have polyadenylated transcripts, and map to the nematode
chromosome [39]. Phylogenetic analysis places them closest to Protochlamydia
amoebophila, an endosymbiont of amoeba [39].

Given that there are many more bacterial cells relative to eukaryotic ones and that
eukaryotic cells are frequently in proximity to bacterial cells, it is not surprising that HGT is
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increasingly described between bacteria and animals. For example, the human body contains
more bacterial cells than human cells (for review see [40]), and many of these bacteria are in
intimate contact with human mucosal cells. In addition, many of these same bacteria have
mechanisms like the Type IV secretion system to transfer DNA to the environment and to
other organisms. Therefore, there are many opportunities and avenues for HGT from
bacteria to animals. This type of HGT is of interest as it has the potential to provide novel
functions to animals, allow adaptation to novel niches, and affect their evolution. Such
transfers from the human microbiome also have the potential to induce somatic cell
mutations, and hence be important to human health (Box 3).

Box 3

Bacteria-to-human HGT and the microbiome

During the original public effort to sequence the human genome, an analysis of the
inheritance patterns of exons [57] refuted a previous analysis describing 223 human
proteins arising from bacterial HGT [55]. Yet, in this analysis forty genes were found to
be shared exclusively between bacteria and humans [57], as would genes resulting from
bacteria HGT. A subsequent phylogenetic analysis of human proteins for HGT [60]
overlooked comparisons with prokaryotes. Additionally, HGT of units smaller than a
gene [61] would be obscured in both analyses. All of these points might suggest further
analysis is warranted that does not focus solely on whole exons or genes and makes use
of the many bacterial genomes sequenced subsequently.

Overall, it seems clear that inherited HGT is not ubiquitous from bacteria to humans.
However, with the enormous size of the human microbiome, is there an equally
enormous opportunity for HGT to somatic cells that could have profound effects in
human health and disease? Such somatic cell mutations would largely be overlooked in
whole genome assemblies.

The American Cancer Society reports that 15–20% of cancers worldwide and 10% of
cancers in developed countries are linked to viral, bacterial, or parasite infections.
Although chronic inflammation is increasingly implicated as a mechanism for cancer
development (for review see [62]), proto-oncogene disruption by bacterial DNA could
provide yet another mechanism. Another avenue for disease following HGT would be
through the transcription and expression of bacterial DNA. Agrobacterium tumefaciens
induces the production of a plant tumor through the expression and transcription of
bacterial DNA [10,63,64]. It, therefore, seems plausible that expression and transcription
of bacterial DNA could induce tumors in animals.

Although disadvantageous outcomes of HGT are easy to conceptualize, is there room for
advantageous outcomes? Bacteria in the digestive tract are associated with the
fermentation of non-digestible dietary residues and with the production of vitamin K (for
a review see [65]). Could HGT in our intestinal cells allow gain of these properties? With
the decreasing costs of human genome sequencing, we may soon be able to compare the
DNA content of individual cells in frequent contact with bacteria to those from more
sterile portions of body to address these highly speculative questions.

Eukaryote-to-bacteria HGT
While bacteria-to-eukaryote HGT has garnered attention recently, fewer eukaryote-to-
bacteria transfers have been described. These examples include bacteria belonging to diverse
phyla. For example, Legionella pneumophila has been found to encode more than 100
eukaryotic-like proteins [41] with phylogenetic analysis revealing that 29 are of eukaryotic
ancestry [41]. The cyanobacterium Microcystis aeruginosa has a shell-like structure thought
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to allow it to adapt to frequent salinity changes that is encoded by the eukaryotic proteins
actin and the actin-binding protein profilin [42]. The ancient transfer of two tubulin genes
and a kinesin light chain gene to Prosthecobacter dejongeii has also been described [43,44].
Metagenomic analysis of Antarctic plankton identified a δ-proteobacteria with a homologue
to Cys-rich eukaryotic proteins [45]. Lastly, some Wolbachia strains [46,47] and numerous
mosquito species share phylogenetically related genes that encode salivary gland surface
(SGS) proteins in mosquitoes [48,49]. These genes lack introns, are evolving under
purifying selection, and are transcribed in both mosquitoes and Wolbachia strains [50,51]
with HGT quite possibly happening in both directions.

It is expected that animal-to-bacteria HGT would be more prevalent as bacteria readily
participate as both donors and recipients in HGT and they lack the barriers to HGT that
animals have, like a nucleus and segregated germ cells. In an ad hoc search of Genbank,
potential candidates of eukaryote-bacteria HGT can be identified that are not described in
the literature and that need further robust phylogenetic investigation. However, they are by
no means ubiquitous. One possible barrier to HGT from eukaryotes may be the presence of
spliceosomal introns in eukaryotic genes. However, transfer of single exon genes would still
be possible or transfer could be mediated through a spliced RNA intermediate in a
mechanism analogous to retrotransposition. Alternatively, it has been proposed that
eukaryotes may just not offer novel functionalities that bacteria want and that they cannot
obtain elsewhere [52]. In that case, HGT may happen but not provide a selective advantage
or otherwise become maintained in the genome facilitating its detection.

Concluding remarks and future perspectives
Nature has lots of chances for making even the most improbable events happen. It is likely
that many HGT events described merely reflect a random occurrence happening at a low
frequency in the population. At some other low frequencies these transfers may become
transcribed, the proteins expressed, and a phenotype manifest. Those genes that have a
function and can be properly regulated will be maintained in the genome while the rest will
be lost over time. One challenge in future research on this topic will be to find a suitable
model system to explore all of the stages of this process. Thus far the field has mainly
focused on describing such transfers and attempting to ascertain a function. There is also
great interest in the mechanism by which the DNA is transferred out of the bacteria, into the
nucleus, incorporated into eukaryotic chromosomes, and develops a function as this has
many practical implications in biotechnology, medicine, and evolution.

However, there continue to be several barriers to description of HGT in the literature,
including some limitations in the genome sequencing data (Box 4). As the prevailing
paradigm is to assume vertical inheritance when other evidence is lacking, HGT in
eukaryotes will continue to be overlooked and under-estimated. This is necessary in order to
avoid HGT being described inappropriately. However, this notion, as well as high profile
erroneous reports of HGT in humans and other animals (e.g.[53–57]), has likely had a
chilling effect on the field.

Box 4

Problems identifying bacteria-to-animal HGT in existing genome data

Exacerbating other barriers that limit the description of HGT in the literature, prokaryotic
sequences are routinely removed from eukaryotic genome projects without description of
these methods or experimental validation. For example, the D. ananassae genome
assembly in Genbank lacks significant Wolbachia sequence, despite the presence of an
entire Wolbachia genome in an autosome. Compounding this problem, the method of
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removal of the prokaryotic sequences is often not described in the genome articles. D.
ananassae is just one example, as this is ubiquitous. For example, an analysis of
structural variation in humans proceeded after removing common sources of
contamination including bacterial sequences [66]. Although removal of E. coli sequences
is justified and necessary for cloned libraries, is there justification to remove all bacterial
sequences? A circular argument ensues where eukaryotic genome sequencing projects
remove all bacterial sequences because animals do not have HGT from bacteria, and
examination of those same genomes for HGT reinforces the notion that HGT from
bacteria to animals does not occur. Resources like the Sequence Read Archive and Trace
Archive offer opportunities for assembly-independent analyses, but only when the raw
experimental data is deposited before “contaminant” removal. In addition, while journals
require submission of genome assemblies and annotation, the raw data is often
overlooked, and exactly what is deposited can be unclear.

As nematodes and insects are among the most abundant animals on Earth, and both seem to
have significant levels of interdomain HGT from bacteria, the view that HGT is unimportant
in animal evolution needs to be re-evaluated. It is not clear what levels of HGT will be
found in other animal genomes, particularly vertebrate ones. The recognition of extensive
HGT from bacteria to insects and nematodes may merely reflect the interests of researchers
investigating this phenomenon. For example, the Wolbachia research community embraced
HGT from endosymbionts to hosts quite quickly, possibly due to a long standing interest in
the serial endosymbiosis theory. In contrast, the increased incidence of HGT described in
nematodes and insects may reflect a higher abundance of such transfers in these organisms.
They are phylogenetically closely related phyla, and as such may share common features
that accommodate or facilitate HGT. Alternatively, the HGT identified in arthropods and
nematodes may reflect an abundance of sequence data. Next to humans and other mammals,
arthropods and nematodes are among the best represented animals in terms of genome
sequencing projects. Although next-generation sequencing has revolutionized microbial
whole genome sequencing and eukaryote re-sequencing, it has done less to advance
genomics of organisms that lack a closely related representative genome sequence. While
mammals are well sequenced, other animals (e.g. birds, reptiles, amphibians, and fish) are
poorly represented by genome sequencing projects. Hopefully, the promises of third
generation single molecule sequencing will yield a more diverse sampling of vertebrate
genomes, facilitate the differentiation of contaminants from HGT, and improve our
understanding of the extent of HGT events in a wide array of diverse organisms.
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Figure 1. Illustration of HGT from bacteria to animals described in the main text
HGT events from bacteria to animals are illustrated by blue arrows with the width
representing the abundance of transfers. Organelle transfers (chloroplast, green;
mitochondria, red) are shown at the base of the appropriate lineage. Transfers from bacteria
that cannot be attributed to a specific bacterial lineage are shown as arising from the middle
of the Eubacteria branch. Other types of HGT are not shown, including eukaryote-to-
bacteria transfers and transfers from bacteria to eukaryotes other than animals. The tree itself
is used only for illustration purposes and does not accurately reflect a true phylogeny. The
phylogeny of the eukaryotic and eubacterial lineages as well as issues related to resolving
particular lineages is described elsewhere (e.g. [58]).
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Figure 2. Endosymbiont HGT ratchet
A HGT ratchet has been proposed [15] to explain the accumulation of nuclear genes of
organelle origin. This model can be extended to include HGT involving endosymbionts. At
low frequency, a gene (red) is transferred from the endosymbiont genome (green circular
chromosome) to the nuclear genome (gray linear chromosomes) (A). With some even lower
frequency, such transfers will occur in a manner which will allow the gene to be functional
in its new location. Subsequently, either the nuclear or endosymbiont version will be lost.
Loss of the endosymbiont version is nearly irreversible and as such the gene becomes fixed
in the nuclear genome (B). Loss of the nuclear version returns the endosymbiont to its
original state and the process can repeat itself (C). The result is that over time, all of the
genes that can insert into the nuclear genome will do so. When maintenance of
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endosymbiont structure is not essential and the HGT now fulfills all of the needs of the host,
the endosymbiont becomes obsolete and can also be lost (D).
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