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Abstract

Lateral gene transfer (LGT) is an all-encompassing term for the movement of DNA between 

diverse organisms. LGT is synonymous with horizontal gene transfer, and the terms are used 

interchangeably throughout the scientific literature. While LGT has been recognized within the 

bacteria domain of life for decades, inter-domain LGTs are being increasingly described. LGTs 

between bacteria and complex multicellular organisms are of interest because they challenge the 

long-held dogma that such transfers could only occur in closely-related, single-celled organisms. 

Scientists will continue to challenge our understanding of LGT as we sequence more, diverse 

organisms, as we sequence more endosymbiont-colonized arthropods, and as we continue to 

appreciate LGT events, both young and old.
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Lateral gene transfer as a driving evolutionary force

Sexual reproduction is considered an evolutionary advantage because offspring have 

increased genetic diversity. Given that bacteria reproduce asexually, bacterial offspring lack 

genetic diversity from the sexual reproduction of two parents. In the absence of sexual 

reproduction, the transfer of DNA between organisms independent of sexual reproduction 

via lateral gene transfer (LGT) enables bacteria to increase genetic diversity and therefore 

potentially increase evolutionary fitness.

Over time, novel genotypes and phenotypes arise in all organisms through a gradual process 

of sequential de novo mutations that gain prevalence through selection [1]. LGT accelerates 

this process through a rapid introduction of genetic diversity within a single generation, 

whereby a donor organism transfers a gene encoding a novel trait, or multiple traits, to a 

recipient organism in a single event [1]. The concept of LGT was first described by 

Frederick Griffith in 1928 when he demonstrated that heat-killed virulent Streptococcus 
pneumoniae were able to transfer an unknown factor to live non-virulent S. pneumoniae, and 

this unknown factor conferred virulence [2]. It was not until 1944 that Avery, MacLeod, and 

McCarty demonstrated that DNA was transforming factor described by Griffith [3].

The ability of LGT to act as a driving evolutionary force is epitomized by the rapid spread of 

antibiotic resistance genes. Between 1930 and 1945, the first three classes of antibiotics 

were being used therapeutically and ushered in a new era of modern medicine with the 

ability to treat life-threatening infections. By 1955, strains of multidrug resistance bacteria 

were reported [4]. It became apparent that the rate at which bacteria were obtaining 

resistance to these antibiotics was quicker than the expected rate of de novo mutations [5]. 

By 1960, it was shown that bacteria transferred antibiotic resistance through LGT (for 

review: [4, 6]). The use of antibiotics placed a strong selective pressure on bacteria to 

propagate the antibiotic resistance genes, and LGT enabled the bacteria to quickly respond 

to the selective pressure and propagate the antibiotic resistance genes throughout bacterial 

populations. More recently, bacteria have acquired deadly combinations of antibiotic 

resistance genes via LGT, such as vancomycin-resistant, methicillin-resistant 

Staphylococcus aureus [7] (Figure 1).

Originally, LGT was thought to occur primarily between closely related bacterial species 

through three primary mechanisms: transformation, transduction, and conjugation. 

Transformation describes the ability of some cells to acquire foreign DNA from the 

environment outside the cell, and potentially, incorporate it into the genome of the cell. 

Transduction occurs when a phage incorporates into the genome. Lastly, conjugation 

requires cell-to-cell contact for a donor cell to transfer DNA to a recipient cell. It was 

thought that closely related bacteria have more compatible systems for conjugation, higher 

potential success rate for homologous recombination, and similar codon usage [5, 8]. 

However, evidence has accumulated that demonstrates that distantly related bacteria can 

exchange DNA [9–12], demonstrating that LGT is a widespread evolutionary driving force.

Bacteria have even acquired genetic material from the human genome. A 685-bp fragment 

with 98–100% identity to the human L1 element was identified in 11% of Neisseria 
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gonorrhoeae strains [13]. This was specific to N. gonorrheae and not found in closely related 

Neisseria meningitidis or other commensal Neisseria isolates [13]. This integration is 

proposed to have occurred relatively recently via non-homologous end joining [13]. The 

integrated DNA is transcribed but a consistent difference in phenotype could not be found 

between strains with and without this LGT.

LGT from prokaryotes to eukaryotes

Until recently, the evolutionary impact of LGT from prokaryote donors to eukaryote 

recipients was less clear. With the recent development of sequencing technologies that have 

led to decreasing sequencing costs and of bioinformatic technologies that enable detection of 

LGT, the number of identified LGTs from prokaryotes to eukaryotes has increased 

dramatically in the past 10 years.

The most widespread instances of LGT from bacteria to the eukaryotes are the nuclear 

acquisitions of genes from the mitochondria and chloroplast organelles. These eukaryotic 

organelles originated from α-proteobacteria and Cyanobacteria, respectively [14]. Inside the 

cell cytoplasm, in proximity to the nucleus, these organelles have the relatively uncommon 

opportunity to be poised to transfer DNA to the nuclear eukaryotic genome and be inherited 

by future generations of cells.

Like organelles, some bacteria are intracellular, residing within cells of the eukaryotic host. 

These eukaryotic hosts range from single cell organisms to multicellular eukaryotic plants 

and animals. The bacterial endosymbiont Wolbachia pipientis colonizes a wide variety 

insects and select nematodes. Some estimates suggest that 70% of these hosts contain LGT 

from Wolbachia [15]. In the case of Drosophila ananassae, multiple copies of the entire 1.4 

Mbp Wolbachia genome has been transferred to the Drosophila genome [16, 17]. However, 

the functional consequences of these Wolbachia LGTs, if any, remain unclear.

LGT in eukaryotes is not limited to organelles or endosymbionts. The bdelloid rotifer has 

extensive LGT in the telomeric regions from bacteria, fungi, and plants [18]. Specifically, 

ten protein-coding sequences were identified as putative LGTs. Interestingly, three of the 

bacterial coding sequences have spliceosomal introns [18]. A bacterial IS5-like DNA 

transposon has also been identified in the telomeric region of the rotifer [19]. The IS5-like 

transposon integration has only one copy in the haploid genome, suggesting that it was 

unable to further mobilize after the original integration event [19].

The coffee berry borer beetle, Hypothenemus hampei, has a LGT that is functional, 

essential, and is thought to have enabled the beetle to adapt to a new niche. The primary 

food source of H. hampei is the coffee berry, which stores carbohydrates as galactomannan 

[20]. The bacterial HhMAN1 gene that hydrolyzes the breakdown of galactomannan has 

been transferred to the beetle via LGT. This LGT is specific to H. hampei since close 

relatives do not have the HhMAN1 gene and are unable to colonize the coffee berries [20]. 

This class of enzyme was previously not found in any insect [20], although subsequently a 

putative analogous LGT was also proposed to be important in the brown marmorated stink 

bug [21].
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Bacteria can also use LGT to create an advantageous niche and food source for their own 

use. Agrobacterium tumefaciens uses a type IV secretion system to inject bacterial proteins 

and its tumor inducing (Ti) plasmid into plant cells [22, 23]. Once inside the plant cells, the 

bacterial proteins use the plant cell machinery to transport the Ti plasmid inside the nucleus. 

Once inside the nucleus, through illegitimate recombination, the Ti plasmid integrates into 

the plant genome [22, 23]. The integrated plasmid then uses eukaryotic promoter sequences 

to express bacterial proteins that transform the plant cell to produce a specific carbon source 

for A. tumefaciens [22, 23]. As a result of the plant transformation, the plant develops 

tumor-like growths, characteristic of crown gall disease, where the bacteria grow and thrive 

[22, 23].

Most examples of LGT in eukaryotes involve the relatively straightforward transfer of a 

single gene or pathway from a single donor to a single recipient. In contrast, the Planococcus 
citri mealybug is an example of complex LGT biology [24]. Many insects in the order 

Hemiptera, like the mealybug, rely on endosymbionts to produce amino acids that are 

lacking in the plant sap on which they feed. The mealybug, Phenacoccus avenae, contains a 

Tremblaya endosymbiont that encodes genes for the biosynthetic pathways of eight amino 

acids—tryptophan, phenylalanine, histidine, arginine, isoleucine, methionine, threonine, and 

diaminopimelic acid [24]. In contrast, Planococcus citri, contains a Tremblaya 
endosymbiont with a more severely reduced genome that lacks the necessary genes to 

synthesize these amino acids [24]. This Tremblaya endosymbiont is also a host for the 

bacterial symbiont Moranella endobia (Figure 2), and it was thought that M. endobia may 

contain the missing genes and would enable synthesis of these amino acids [24]. However, it 

turns out that in Pl. citri, the biosynthetic pathways for these eight amino acids are encoded 

by a combination of genes in the Tremblaya endosymbiont, the Moranella endosymbiont, 

and at least 22 transcribed putative LGTs to the Pl. citri nuclear genome from three diverse 

bacterial taxa, α-Proteobacteria, γ-Proteobacteria, and Bacteroidetes [24]. It is not yet clear 

how all of the protein products of these genes in different compartments can produce 

functional pathways.

The serial endosymbiosis theory posits that after an early eukaryote acquired a beneficial, 

energy-producing, bacterial endosymbiont, the accumulation of endosymbiont genes via 

LGT in the nuclear genome transitioned the endosymbiont to organelle [25]. A molecular 

ratchet is proposed whereby all genes that can be acquired by the nuclear genome will be 

gradually lost by the organelle genome [26]. In both mitochondria and chloroplasts, it is 

thought that only mitochondria/chloroplast genes were transitioned to the nucleus. However, 

the Tremblaya/mealybug example illustrates that genes may be lost from the endosymbiont 

or organelle that are functionally replaced in the nucleus with functional homologues from 

other taxa. It raises the possibility that there are alternative paths to the formation of 

organelles.

LGT in the human genome

The search for LGT in the human genome has not been without controversy. In the first draft 

of the human genome, 223 proteins were identified with significant protein sequence 

similarity to bacterial proteins [27]. These proteins had no significant similarity to yeast, 
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worm, fly, mustard weed, or other nonvertebrate eukaryotes proteins available at the time, 

suggesting that they arose via LGT [27]. This finding was quickly refuted with an argument 

suggesting that ~180 of the 223 genes were likely not from LGT and that as more diverse 

eukaryotic and prokaryotic genomes were sequenced, the remaining ~40 putative LGT genes 

would probably be excluded as LGT candidates [28]. Instead, alternate evolutionary 

explanations, such as gene loss, were put forth as being more likely [28].

More than a decade later, a subsequent examination of LGT in the human genome concluded 

that not only were some of the previously reported LGT genes likely true LGT, but that there 

are an additional 128 putative LGTs [29]. One reason for the difference is the plethora of 

genomes from diverse organisms that the later analysis could use for its analysis. For 

example, the human HAS1 gene is more closely related to fungi than other metazoan genes 

suggesting that it may have arisen from LGT [29].

The previous studies exclusively focused on LGT into the human genome that may have an 

impact in an evolutionary context. These studies did not address the possibility, or potential 

consequences, of bacterial LGT into the somatic human genome. While somatic mutations 

are not important within the context of evolution, they can alter human biology. For 

example, human cancers typically have an accumulation of somatic mutations that alter the 

normal biology of cells to proliferate uncontrollably. These somatic mutations range from 

small single nucleotide changes [30–33] to large chromosomal rearrangements [34–36]. The 

human genome is also susceptible to exogenous elements causing DNA damage such as 

somatic integration of DNA.

The mitochondrial genome frequently integrates into the human nuclear cancer genome, 

with detected integrations ranging in size from 148 bp to the entire 16.5 kb mitochondrial 

genome [37].These integrations were significantly enriched near the origin of replication on 

the heavy strand of the mitochondrial genome and were associated with other structural 

variations in the human genome [37]. While some of the mitochondrial integrations were 

identified near nuclear genes, the functional consequence of such integrations is unclear.

Viruses are also able to integrate into the human genome. The integration of human 

papillomavirus into the human genome is possibly the best-studied example, since the 

integration is a key step in promoting the development of cervical cancer [38, 39] (Figure 3). 

In addition, using next-generation sequencing, there is growing evidence that the integration 

of hepatitis B virus into the genome of hepatocellular carcinomas is frequent and 

carcinogenic [40].

Recent research has raised the possibility that DNA inside the cell may integrate into the 

human genome through a process termed “template sequence insertion” [41]. Template 

sequence insertion is the integration of DNA to patch repair DNA double stranded breaks. 

The resulting template sequence insertion lesion has hallmarks of either L1-mediated 

retrotransposition or nonhomologous end joining repair [42] and occurs through an RNA 

intermediate [41, 43].
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Identification of bacterial DNA integrations into the human somatic genome

The overwhelming number of microbes in the human body provides another large source of 

potential DNA to integrate into the human genome, in addition to the mitochondrial genome 

and viral genomes described above. While human germ cells are thought to be protected 

from interacting with the microbiome, human somatic cells are exposed to the microbiome. 

Given that there are somatic integrations of viral and mitochondrial DNA into the human 

genome, and the large amounts of bacterial DNA in the human body, it stands to reason that 

bacterial DNA integrations (BDIs) may occur in the human somatic genome. BDIs into 

terminally differentiated cells could prove difficult to identify as only a single copy would 

exist, and once interrogated by sequencing, would be destroyed. In contrast, cancer cells 

excel at replication, with each cell replicating the mutations of the parental cell. In this way, 

sequencing of cancer cells may enable detection of BDIs. Bacterial DNA may integrate into 

safe regions of the human genome, but there is also the possibility that the BDI could cause 

deleterious mutations that promote carcinogenesis. Currently, large projects such as The 

Cancer Genome Atlas (TCGA) are using next-generation sequencing to characterize the 

genomic landscape of many cancers to better understand the biology driving tumorigenesis. 

These large publicly available sequencing projects provide a comprehensive dataset that can 

be used to evaluate if bacterial DNA integrates into the somatic human cancer genome.

An early release of TCGA data from the Sequence Read Archive that included sequencing 

data from 10 cancer types, 632 tumor samples, 220 of which had normal samples, had 

evidence for bacteria-human LGT in the somatic genome [44] (Figure 3). The highest 

number of reads supporting putative BDIs was found in acute myeloid leukemia. These BDI 

reads support the integration of Acinetobacter-like 16S and 23S rRNA gene fragments into 

the human mitochondrial genome [44].

The second highest number of putative BDI reads were found in stomach adenocarcinoma 

[44]. These BDI reads support integration of Pseudomonas-like 16S and 23S rRNA gene 

fragments into the 5′-UTR of CEACAM5, CEACAM6, CD74, and TMSB10 [44]. While 

the BDIs are enriched in the 5′-UTR of these genes, the BDIs differ in the both the absolute 

and relative position of the transcriptional start site [45]. Characterization of the integrated 

bacterial sequence has shown that the sequences originated from stem-loop structures in the 

native bacterial rRNA genes [45]. As such, the BDIs may have the propensity to form 

complex secondary structure that have the potential to alter the human gene expression.

Moving forward

The use of public data has been key to the discovery of many LGTs, including those 

described above in the human genome. These discoveries are the result of secondary data 

analysis. LGT was thought to be a rare event, and still is by some. Therefore, many 

sequenced genomes were not, and are not, analyzed for LGT. Through the sharing of 

genome sequencing data, it is possible to perform subsequent secondary analyses to identify 

LGT. For example, the secondary analysis of the Drosophila ananassae genome identified 

extensive Wolbachia and was a seminal finding in expanding our understanding of the extent 

of LGT between prokaryotes and eukaryotes [46].
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However, robust standards for the basic identification and verification of LGT are still 

needed. Over the past two decades there have been many proposed LGTs that have 

subsequently been disproven. Recently, a draft genome of the tardigrade was published that 

reported that ~1/6 of the genome can be attributed to LGT from bacteria, plants, fungi, and 

Archaea [47]. The data supporting the draft tardigrade genome was made publicly available, 

and other groups quickly published their own analyses and conclusions demonstrating that 

the draft tardigrade genome likely had contamination that inflated the abundance of LGT in 

the genome, with the latest estimates ranging from 1.9% to 4.5% LGT [48–50].

While the true amount of LGT in the tardigrade genome is still uncertain, what is certain is 

that the tardigrade draft genome is a success story for modern data sharing and open science. 

As LGT detection tools become more widely accessible and applied to more genomes, more 

instances of LGT will be identified, and the extent to which LGT plays a role in shaping our 

complex and interesting biological world will become more clear.
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Figure 1. Representation of the spread of vancomycin resistance genes via inter-species LGT
Enteroccocus faecalis (blue) and Staphylococcus aureus (lavender) can sometimes be found 

together, particularly in clinical settings. In these settings, they can be exposed to strong 

selective agents, like the antibiotic vancomycin. (a) In 2002, bacteria were discovered in two 

clinical settings where the genes for vancomycin resistance were transferred via LGT from 

vancomycin-resistant E. faecalis to methicillin-resistant S. aureus. Vancomycin resistance is 

represented by beady eyes and fangs, methicillin resistance is represented by furloughed 

eyebrows, and the LGT of vancomycin resistance genes from VRE to MRSA is represented 
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by red arrows. (b) LGT from VRE to MRSA results in a vancomycin-resistant and 

methicillin-resistant Staphylococcus aureus (VRSA) which vertically passes resistance onto 

daughter cells which continue to propagate in the presence of vancomycin. (c) The MRSA 

that did not receive vancomycin resistance via LGT remain susceptible to vancomycin and 

die in the continued presence of vancomycin. The evolution of vancomycin resistance by 

way of genetic mutation is not addressed in this figure.
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Figure 2. Mealybug endosymbiosis
The citrus mealybug P. citri has two endosymbionts, T. princeps and M. endobia. M. endobia 
is an endosymbiont of T. princeps, and T. princeps is in turn an endosymbiont of the 

mealybug. These T. princeps in turn reside in the mealybug bacteriocyte, a specialized cell 

where the insect houses endosymbionts.
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Figure 3. Lateral gene transmission to human somatic cells
(a) Integration of viral DNA into the host cell nuclear chromosome via LGT is a well-

documented part of the human papilloma virus cancer cycle. (b) Analysis of sequences from 

the Cancer Genome Atlas supports bacterial DNA integration into the nuclear chromosomes 

of stomach cells.
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