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Abstract 12 

The antiquity of bacteria and archaea in part explains why they, along with viruses, encode most of the 13 

genetic and biochemical diversity on Earth. Eukaryotic life evolved into a world teeming with 14 

prokaryotes, and so bacteria (especially) have inevitably affected eukaryotic biology as parasitic, 15 

commensal, or beneficial symbionts. But along with these important organismal interactions, the 16 

ubiquity and diversity of bacteria have also made them frequent sources of horizontally transferred 17 

DNA into eukaryotic genomes. Here we survey the role of bacterial genes throughout the eukaryotic 18 

lineage. We review what steps horizontal gene transfers (HGTs) take in becoming functional, what 19 

bacterial groups these HGTs come from, and what functions these HGTs typically bestow on their 20 

eukaryotic recipient. We classify HGTs into two broad types: those that maintain preexisting functions 21 

and those that add new functionality to the recipient. We find that genes involved in host nutrition, 22 

protection, and adaptation to extreme environments are the most common HGTs from bacterial to 23 

eukaryotic genomes.  24 

 25 

 26 
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Key points 27 

• Genome fragments are sometimes transferred from bacteria to eukaryotes (Horizontal Gene 28 

Transfers, or HGTs) 29 

• When these DNA fragments contain genes, these genes can retain their functionality in some 30 

cases 31 

• If these bacterial HGTs are maintained for long periods of time, they can acquire eukaryotic 32 

features such as introns 33 

• If the eukaryotic recipient retains a stable bacterial endosymbiont, these HGTs can compensate 34 

for genome reduction in the endosymbiont 35 

• These HGTs can also allow the eukaryotic recipient to protect itself from other organisms, 36 

survive in new environments, and use new food sources 37 

• Further study of neglected eukaryotic groups will help clarify the frequency of bacteria-38 

eukaryote HGT 39 

 40 
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Glossary terms: 54 

Horizontal Gene Transfer (HGT): movement of genetic material between organisms (also called 55 

lateral gene transfer, LGT) via non-vertical (not parent to offspring) transmission. 56 

Nuclear mitochondrial/plastid transfer (numt/nupt): transfer of mitochondrial/plastid DNA into 57 

the nuclear genome of its eukaryotic host, which often becomes non-functional. 58 

Nuclear Wolbachia transfer (nuwt): transfer of Wolbachia DNA into the nuclear genome of its 59 

eukaryotic host. 60 

Primary symbiosis: a process in which an archaeon/eukaryote acquires a bacterium, such as in the 61 

origin of mitochondria and plastids. 62 

Non-homologous end joining (NHEJ): a pathway for direct repair of double-strand DNA breaks 63 

without a homologous template. 64 

Peptidoglycan: a structural matrix in bacterial cell walls formed by alternating N-acetylglucosamine 65 

(NAG) and N-acetylmuramic acid (NAM) residues, where peptide chains of up to five amino acids 66 

link NAM to other NAM-connected peptides.  67 

Reproductive manipulator: a bacterium such as Wolbachia that is transmitted in the egg cytoplasm 68 

of arthropods and shifts the sex ratio of the host population. 69 

Pore-forming toxins (PFTs): proteins used by bacteria to make holes in membranes of target cells. 70 

Nucleomorph: a remnant nucleus found between two sets of membranes in some complex plastids of 71 

cryptomonads and chlorarachniophytes that suggests that the plastid originated from a eukaryote 72 

(alga) and was acquired by another eukaryote. 73 

Nuclear nucleomorph-derived transfer (nunm): transfer of nucleomorph DNA into the nuclear 74 

genome of its eukaryotic host. 75 

Glycoside hydrolases (GHs): enzymes that assist in hydrolysis of glycosidic bonds of complex sugars, 76 

for example plant cell wall (cellulose, hemicellulose, and starch) degrading enzymes, fungal cell 77 

wall and animal exoskeleton (chitin) degrading enzymes (chitinases), and bacterial cell wall 78 

(peptidoglycan) degrading enzymes (lysozymes) 79 

 80 
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Main text 81 

Introduction. An organism’s genome is usually passed vertically through parent-to-offspring 82 

relationships. As such, in the simplest case, the evolutionary history of a genome should reflect the 83 

evolutionary history of the organism. But genomes are dynamic in content, size, and rates of evolution. 84 

Genes can be gained through both duplication within genomes and acquisition from foreign sources 85 

(horizontal gene transfer, or HGT), genes can be lost, non-coding or selfish genomic regions can 86 

expand or contract over relatively short time scales, and different loci can evolve at different rates 87 

because of unequal selective pressures. Processes such as incomplete lineage sorting and 88 

introgression can make inferring organismal relationships from gene trees difficult for (relatively) 89 

closely related lineages. HGT can in principle occur between any two DNA-based organisms, and so 90 

can lead to different genes on the same genome possessing wildly different evolutionary histories and 91 

can confound phylogenies for even distantly related organisms. But HGT is not equally likely between 92 

all branches of life. 93 

 94 

HGT is now understood to be a major driver of genome evolution in bacteria and archaea 1–9. So 95 

common, in fact, that our ability to infer organismal relationships through gene trees has been 96 

questioned for prokaryotes 10,11. The frequency and significance of HGT between prokaryotes and 97 

eukaryotes is less clear and remains somewhat controversial 9,12–16. Clarity is especially difficult to find 98 

for animals 17–19, at least partly due to the large size and complexity of their genomes and to the almost 99 

inevitable problem of microbial contamination in genome projects. These problems have resulted in a 100 

fraught history of misattributions of HGT in animal genomes such as human 20–23 or, more recently, 101 

tardigrade 24–27 (Box 1—methods and problems in calling HGTs). 102 

 103 

Despite these problems, many cases of bona fide functional inter-Kingdom HGT have been 104 

documented, including several recent examples of bacteria-to-animal transfers 28–37 (Figure 1, Table 105 

1). Here we review these recent findings, focusing on how HGTs become functional and on what kinds 106 

of functions are typically endowed to eukaryotic lineages by genes from bacteria. We have limited 107 
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ourselves to transfers from bacteria to eukaryotes because they seem to be the most common—or at 108 

least the most commonly reported 38—but we note that HGT between nearly all branches of life have 109 

been described (Table 1, Supplementary table 1). 110 

 111 

Which eukaryotes tend to gain genes by HGT, and where do these genes come from? The 112 

frequency with which an organism is the recipient or donor of an HGT is dictated by both mechanistic 113 

and serendipitous forces. An organism's ability to take up foreign DNA, whether or not its germ line is 114 

sequestered, its recombinogenic tendencies, the frequency of the donor DNA in the environment, and 115 

the presence or absence of endosymbionts all affect the frequency of gene transfer. Once acquired, 116 

foreign DNA has the potential to give the recipient new abilities, but first must be expressed in a way 117 

that is visible to selection 39 (Figure 2). If not activated in a selectable way, the potential of the 118 

transfer is not realized and the new DNA erodes away in a manner dependent on the host organism. 119 

Because of the differences in gene structure between bacteria and eukaryotes, gene inactivation and 120 

erosion is likely the most common outcome of HGT between these organisms 40–43. But transferred 121 

DNA does become functional in many instances. Here we use the large number of HGT reports (Table 122 

1, Supplementary table 1) to look for commonalities or themes that might allow us to predict when a 123 

transfer is more likely to become functional. 124 

 125 

Three issues make it difficult to precisely identify the donor organism for many HGTs. The first is that 126 

prokaryote genomes can be taxonomically mosaic due to relatively high levels of HGT among them, so 127 

the donor DNA may or may not have the same evolutionary history as its bacterial host 44,45. The 128 

second is that the bacterium that transferred the DNA in question may no longer be associated with 129 

the recipient when the HGT is discovered. The third is that phylogenetic problems such as long-branch 130 

attraction, differential gene loss, and inadequate taxon sampling can often make the provenance of 131 

DNA difficult to infer 11,46,47.  Additionally, in multicellular eukaryotes, foreign DNA needs to be 132 

exposed to the germ line to become heritable in future generations. If one assumes that the more 133 

common the source organism is in the environment of the gene recipient, the more likely transfer is 134 
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between organisms, it is not surprising that bacterivorous or parasitic single-cell eukaryotes—where 135 

every cell is a germ line—are among the most frequent recipients of gene acquisition from bacteria 136 

14,48,49. Many other examples also suggest that proximity matters: soil-dwelling nematodes tend to 137 

acquire genes from putative soil bacteria 50, thermoacidophilic algae acquire genes from putative 138 

thermoacidophilic bacteria 51,52, plant pathogenic oomycetes acquire genes from plant-associated 139 

bacteria 53, stramenopile pathogens of human digestive tracts acquire genes from relatives of common 140 

gut microbiome inhabitants 38, and many invertebrates acquire genes from common reproductive 141 

manipulators such as Wolbachia 28,35,37,54. However, in some HGT-rich organisms such as rotifers 43,55 or 142 

fungi 56, there is no clear environmental source of transferred DNA. These organisms seem to collect 143 

genes from multiple donors as they explore and adapt to diverse environments. 144 

 145 

Various models have been put forward to explain these patterns 13,57,58. In our view, the model which 146 

best summarizes the HGT process in eukaryotes is called the weak-link model 59. This model expands 147 

previous hypotheses 13,57 by suggesting that genes primarily enter cells of their recipient organisms at 148 

'unprotected' stages of their lifecycle in natural environments. For unicellular eukaryotes, every cell is 149 

a weak link because any DNA incorporated into the genome is also incorporated into the germ line 59. 150 

For asexual multicellular eukaryotes with no germ line, every clonal cell is similar to a unicellular 151 

eukaryote. Consequently, bdelloid rotifers, microscopic freshwater animals that reproduce asexually 152 

for millions of years, are the most HGT-rich animals reported to date 43. For multicellular eukaryotes, 153 

early developmental stages fully exposed to the environment of plants or aquatic animals (e.g. spores, 154 

zygotes, or embryos) are the weak links 59. In cases where early developmental stages are not exposed 155 

to the environment, the weak link is often the infection of germ line cells by parasites, symbionts or 156 

pathogens, which use this cell tropism as a vehicle to ensure vertical transmission by their hosts but 157 

also expose the host to HGT which can be incorporated and maintained in the genome 31,59,60. 158 

 159 

How does foreign DNA get acquired and become functional in eukaryotes? The short answer is 160 

that there is more than one way to do it, and that clear rules are hard to find since so much of the 161 



  7 

process seems dependent on chance.  Mechanisms of gene transfer include conjugation 61, 162 

transduction 62, transformation 63, introgression 64, cell fusion 65, gene transfer agents 66, and 163 

intracellular gene transfer from endosymbionts 67. Non-homologous end joining (NHEJ) seems to be 164 

the major mechanism of incorporation of foreign DNA in eukaryotes 68, although recombination with a 165 

homologue already present in the genome can also occur, e.g. in plant mitochondria 69. As these 166 

mechanisms have been thoroughly discussed elsewhere 5,13, we focus mainly on the steps that allow 167 

genes in foreign DNA to become visible to selection through expression, and thus provide the host 168 

with new functions.  169 

 170 

Whether a newly arrived foreign sequence attains functionality probably depends on its features 171 

(length of the acquired DNA, GC content, codon usage, genetic code, epigenetic marks, etc.) and where 172 

it lands in the genome (heterochromatin vs. euchromatin). The size of the transferred DNA seems to 173 

be a major factor in whether or not an HGT becomes functional (Figure 2). Several examples from 174 

diverse eukaryotes show that while large HGT events may be dramatic, they are more likely to become 175 

junk than small fragments 42,67,70. For example, transfers of huge fragments of Wolbachia DNA into 176 

arthropod and nematode genomes are fairly common 40,70–73. These transfers usually originate as large 177 

fragments or even entire genomes, but in most cases undergo rapid nonfunctionalization and have 178 

very low transcription levels 41,74. Many functional bacteria-to-animal HGTs are also from Wolbachia 179 

(discussed below), but in these cases the transfers seem either to be much smaller in size or from 180 

larger transfers that were somehow quickly reduced in size. A fascinating exception to this rule comes 181 

from the pillbug Armadillidium vulgare, where incorporation of an ~1.5 Mb section of Wolbachia DNA 182 

into the pillbug genome (which subsequently duplicated to a final size of 3 Mb) seems to have become 183 

functional by creating a new female sex chromosome 73. The transcriptional profile of this transfer is 184 

currently unknown, but this example serves as a cautionary note to our labeling of large bacteria-to-185 

eukaryote transfers as non-functional simply because of their size.  186 

 187 

Eukaryotic cells are often surrounded by ‘dead’ DNA fragments, and these fragments sometimes get 188 
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incorporated into the host chromosomes but their fate is almost always rapid nonfunctionalization or 189 

loss. When these fragments come from organelle genomes, the transfers are called numts and nupts 190 

(nuclear mitochondrial and plastid transfers, usually pronounced as “new-mights” and “new-peats”) 191 

or sometimes also organellar gene transfers (OGTs) 59. These transfers were originally found when 192 

searching for mitochondrial genomes in eukaryotic genome assemblies, and have been studied 193 

intensely due to their possible role in several human diseases 75. Several studies have shown that 194 

numts and nupts are inserted via non-homologous end joining at double-strand breaks 76–78 and 195 

microhomology-mediated or blunt-end repair are involved in the DNA incorporation 79,80. The 196 

incorporation is enriched at open chromatin regions 78, and can occur in different genome regions in 197 

different lineages. For example, numts are enriched inside introns in the human genome 77, but not in 198 

the intron-poor brewer's yeast genome 81. Flanking regions are rich in retrotransposons and the 199 

insertion often occurs immediately adjacent to AT oligomers in mammals 82. Both ancient and recent 200 

examples of all sizes from only several base pairs to several hundred kbp 83 are known, and numpts 201 

can be further amplified after acquisition and give rise to tandem repeats 84. The frequency of non-202 

functional HGT events from Wolbachia has motivated a similar name, nuwts (nuclear Wolbachia 203 

transfers) to highlight the similarity to organelle transfers 60. These nuwts have been found in hosts 204 

both with and without extant Wolbachia symbionts 40,71,72.  205 

 206 

In principle, foreign DNA could be incorporated anywhere on a recipient genome that does not disrupt 207 

an existing genomic element that is under selection for function. Several examples suggest that, like 208 

numts, HGTs often land in genome regions rich in DNA transposons and retrotransposons 50,85–88 209 

(Figure 2). In some genomes, older HGTs are found in gene-rich regions (Figure 2), while more recent 210 

HGTs occupy less conserved and gene-dense locations such as telomeric regions or within or around 211 

transposable elements 31,88. For example, HGTs acquired by mealybugs tens of million years ago are on 212 

gene-rich, likely euchromatic, scaffolds (Figure 3), while HGTs that are more recent are on less gene-213 

rich and more poorly assembled scaffolds 54. Overall, however, a relative scarcity of data and the poor 214 
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assembly quality of many eukaryotic genomes make drawing firm conclusions on the importance of 215 

HGT landing position difficult.  216 

 217 

Gene duplication also seems to sometimes play an important role in helping a transferred gene 218 

become functional, possibly because it provides raw material for evolutionary experimentation 219 

(Figure 2). Tandem duplications of HGTs are frequently observed 14,28,31,36,53,73,87,89. For example, 38 out 220 

of 48 HGTs present in oomycete genomes were found in at least two copies 53. It thus seems likely that 221 

the dynamism of some genomic regions might also be useful as generators of HGT innovation through 222 

gene duplication (Figure 2). 223 

 224 

Finally, intron gain can be an important part of a prokaryotic gene becoming more eukaryotic in 225 

nature (Figure 2, 3), although this probably depends on the intron density of the recipient genome. 226 

That is, HGTs that gain introns in genomes with high densities of introns in native genes might be 227 

more likely to become expressed and subject to selection, while intron gain might not be as important 228 

in genomes with low intron densities such as some fungi. Introns are commonly found in functional 229 

HGTs in many eukaryotes 15,29,31,32,50,56,88,90–92 (Figure 3), although these introns are sometimes found 230 

in 5' or 3' UTRs of the gene 31. Intron gain might be an important step in increasing the expression of a 231 

transferred gene, as the presence of introns have been shown to increase gene expression in many 232 

eukaryotes 93. After intron gain, the new gene can then evolve as any eukaryotic gene would: its GC 233 

content and codon usage can gradually adjust to its host, and it can acquire cell compartment/tissue 234 

specific expression, and other eukaryote-specific features of gene expression such as alternative 235 

splicing can evolve. In summary, successful HGT seems to often (but not always, of course) involve 236 

transfers of relatively short foreign DNA fragments, which more often than not originally land in gene-237 

poor dynamic parts of the genome, undergo duplication, gain introns, and eventually move to more 238 

stable and gene-rich parts of the genome over time (Figure 2). 239 

 240 

What kinds of horizontally transferred genes become functional in eukaryotes? In this review, 241 
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we tried to take a broad look at the kinds of genes and functions that are gained in eukaryotes by HGT, 242 

and to classify these transfers in meaningful (and hopefully useful) ways. Classification in biology is 243 

always problematic—some might argue with our categories, and in a few cases we found it difficult to 244 

neatly classify some gene families. We have broken down functional HGTs into two broad categories: 245 

those that bring a new function not present in the recipient organism (which we call 'innovative' 246 

transfers) and those that replace or maintain a functional loss in the recipient organism (which we call 247 

'maintenance' transfers). Innovative transfers are commonly used by recipients to protect themselves 248 

from attacks by other organisms, feed on nutritionally poor or toxic diets, parasitize other eukaryotes, 249 

or to survive in cold, hot, acidic, anaerobic or toxic environments (Table 1). Maintenance transfers are 250 

most common in recipients that also house a bacterial endosymbiont that is required for normal host 251 

function, and can often be explained as a mechanism to maintain the function initially encoded on a 252 

degenerating symbiont or organelle genome (Table 1). 253 

 254 

Maintenance transfers: enabling the loss of endosymbiont function. All eukaryotes rely on at least 255 

one bacterial endosymbiont, now called the mitochondrion, while some others also rely on a 256 

photosynthetic bacterial endosymbiont now called the plastid or chloroplast. Modern mitochondrial 257 

and plastid genomes are tiny and encode few genes, and organelle function therefore requires 258 

extensive participation from the host. Many of these host-encoded genes have been transferred from 259 

bacteria, the proteins products of which are transported back into the organelle. As such, maintenance 260 

HGT from bacteria has shaped the content of all eukaryote genomes 13,44,94,95. 261 

 262 

But the sources of these endosymbiont-related HGTs are difficult to establish. While it is not disputed 263 

that the endosymbiont that became the mitochondrion was an alphaproteobacterium (and the plastid 264 

a cyanobacterium), controversy arises because the bacterial HGTs that are targeted to these organelles   265 

affiliate with numerous other bacterial groups in phylogenetic trees 44,96. This taxonomic diversity has 266 

motivated several scenarios to explain the data 45,97–106, which fall roughly into two camps. The first 267 

camp hypothesizes that the endosymbionts that eventually became organelles had highly mosaic 268 
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genomes due to bacteria-bacteria HGT 44,45. The second camp hypothesizes that the cell that became 269 

host to the organelle already had previously acquired genes by HGT before the endosymbiont got fixed 270 

107–110. These (not mutually exclusive) hypotheses will likely always be difficult to differentiate due to 271 

the antiquity of organellogenesis. Might more recent endosymbioses provide some insight into the 272 

possible general mechanisms used to build mosaic metabolic pathways? The advantage of more recent 273 

endosymbioses is that inferring the origin of transferred genes, and how these HGTs interact with the 274 

host and its endosymbionts, is much more straightforward. The disadvantage—of course—is that the 275 

cell biological and genetic context of these symbioses are different than those encountered at 276 

organellogenesis. 277 

 278 

Paulinella chromatophora is an amoeboid protist that acquired an organelle-like cyanobacterial 279 

endosymbiont (relatively) recently, roughly 100 million years ago 111,112. In this case, only about 25% 280 

of its 229 nuclear genes of bacterial origin seem to result from transfer from the cyanobacterial 281 

endosymbiont 48. The remaining 75% taxonomically affiliate with other bacterial groups in 282 

phylogenetic tress. Similarly, the incomplete nutritional pathways in some trypanosomatid bacterial 283 

endosymbionts are complemented by horizontal gene transfer from diverse bacteria to the protist 284 

genome 113,114. Finally, analyses of insect endosymbioses in aphids, psyllids, whiteflies and mealybugs 285 

also show similar patterns of mosaic pathways built from multiple HGT events 28,35,37,54. Many of these 286 

HGTs seem to compensate for genome reduction in their highly degraded nutritional endosymbionts, 287 

but—as in the protist examples above—most of the the HGT is from bacteria that are not the existing 288 

endosymbionts. Importantly, these insect transfers come from reproductive manipulators such as 289 

Wolbachia and Cardinium, bacteria that are extremely common in insect germ cells. This makes the 290 

provenance of these insect transfers clear: they have not come from the endosymbiont that is 291 

degenerating, they have come from other endosymbiotic bacteria with germ line cell tropisms. Taken 292 

together, these results show that gene transfer from degenerate (or degenerating) extant 293 

endosymbionts to the host is not necessarily needed, or perhaps even common, and in some hosts HGT 294 

from other sources can compensate for gene loss by the endosymbiont 31. We argue that these data 295 
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support the idea that the taxonomic diversity of HGT in eukaryotic genomes could have resulted from 296 

previously existing HGT from non-organelle sources 48,57,115,116,96,117, perhaps in combination with the 297 

'inherited chimerism' of organelle progenitor resulting from bacteria-bacteria HGT that predated 298 

endosymbiosis 44,45. 299 

 300 

Innovative transfers: eukaryotes fight bacteria using bacterial weapons. Genes of bacterial origin 301 

that target the bacterial cell envelope are commonly found as functional HGTs in eukaryote genomes. 302 

[The phenomenon of eukaryotes using bacterial genes to defend themselves against other bacteria has 303 

been called The Eukaryotes Strike Back 118]. Bacterial cell envelopes can be disrupted by several 304 

mechanisms, but peptidoglycan is a common target. Peptidoglycan is a structural matrix in bacterial 305 

cell walls formed by alternating N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) 306 

residues, where peptide chains of up to five amino acids link NAM to other NAM-connected peptides 307 

(Figure 4).  308 

 309 

A dramatic example of eukaryotes acquiring bacterial genes to protect themselves from other bacteria 310 

involves a family of amide bond-breaking genes called tae (type IV secretion system amidase 311 

effectors) 33. These Tae proteins all cleave the amide linkages of peptidoglycan, and were domesticated 312 

in at least three eukaryotic supergroups (Table 1, Figure 4). Some of these transfers date to more 313 

than 800 million years ago. Importantly, the functional role of these HGTs was experimentally verified, 314 

and it was demonstrated that they limit Borrelia burgdorferi proliferation in the deer tick Ixodes 315 

scapularis 33. Other examples show that bacterial genes encoding lysozymes, which cleave 316 

peptidoglycan between NAG and NAM moieties, have also been acquired by eukaryotes numerous 317 

times independently 28,34 (Figure 4). In some cases, the antibacterial effect of the transferred lysozyme 318 

genes was also verified experimentally in vitro 34. Perhaps the most astounding toolkit for bacterial cell 319 

envelope disruption acquired through HGT was reported from the marine protist Trepanomas sp. PC1 320 

(Diplomonadida) 49. This species clusters deeply within a clade of parasites, but seems to have 321 

secondarily transitioned to a free-living and bacterivorous lifestyle. Trepanomas's lifestyle transition is 322 
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hypothesized to have been enabled by the acquisition of 40 bactericidal permeability-increasing 323 

proteins (which bind to lipopolysaccharides), 20 cell wall hydrolases, four N-acetylmuramoyl-L-324 

alanine amidases, and five lysozymes. 325 

 326 

Innovative or maintenance transfers? The confusing case of peptidoglycan. Bacteria-to-327 

eukaryote HGTs include not only genes for peptidoglycan degradation, but also genes for 328 

peptidoglycan synthesis. Although the functional role of these transfers remains unclear, putative 329 

peptidoglycan-producing HGTs have been found to be expressed in bdelloid rotifers 88, aphids 28, and 330 

mealybugs 54. Interestingly, peptidoglycan construction in some archaeplastidal chloroplasts seem to 331 

also require numerous genes of HGT origin 119,120. These genes have been shown to be essential for 332 

chloroplast division in both moss 121 and Arabidopsis 122.  While a peptidoglycan layer has been found 333 

surrounding chloroplasts of moss 120, no detectable peptidoglycan layer seems to exist in Arabidopsis 334 

120,122. 335 

 336 

A similarly murky situation exists for animals with obligate endosymbionts that have acquired 337 

amidase HGTs 28,31,54. Amidases are related to peptidoglycan recognition proteins (PGRPs), which are 338 

normally used by the animal innate immune system as bacterial sensors 123. Some PGRPs possess 339 

amidase activity which can cleave peptidoglycan at positions distinct from tae proteins. Interestingly, 340 

PGRPs have been shown to be involved in endosymbiont maintenance rather than pathogen defense 341 

124–127. For example, native amidase-active PGRPs are used by tsetse flies to shield their nutritional 342 

endosymbionts from the host immune system by recycling peptidoglycan from lysed endosymbiont 343 

cells 128. Some sap-feeding insects with obligate bacterial endosymbionts have acquired bacterial 344 

amidaes by HGT  28,31,54 (Figure 4), raising the prospect that some of these horizontally acquired 345 

amidases are used not as anti-bacterial control measures by the host, but rather for endosymbiont 346 

maintenance. In a potentially parallel process, bacterial beta-lactamases have been found to have been 347 

transferred into the genomes of mealybugs and the slime mold Dictyostelium discoideum 54,129. Beta-348 

lactamases are enzymes that provide resistance to beta-lactam antibiotics such as penicillin. Why 349 
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would eukaryotes need genes targeting bacterial antibiotics? It seems plausible that, similar to PGRPs, 350 

these enzymes could be used for symbiont protection rather than defense from pathogens, since both 351 

slime molds and mealybugs are tightly associated with beneficial bacteria 54,130. 352 

 353 

Innovative transfers: eukaryotes also fight other eukaryotes using bacterial weapons. Genomes 354 

from many bacterial pathogens encode proteins called pore-forming toxins (PFTs) to make holes in 355 

the membranes of target cells [reviewed in 131]. One class of these toxins are called aerolysins, first 356 

discovered from the bacterium Aeromonas 132. Aerolysin genes have been transferred in several 357 

independent acquisitions in numerous eukaryotes 29 (Figure 4). These transferred PFTs have been 358 

hypothesized to be involved in disintegration of prey in Hydra and sea anemones 29,133, blood cell lysis 359 

by ticks and other bloodsucking arthropods 29,134, and water stress regulation in plants 29,135. 360 

 361 

Herbivorous eukaryotes must cope with complex mixtures of toxic compounds produced by plants. 362 

Both plants and their herbivores have taken advantage of HGT in a process that resembles an 363 

evolutionary arms race (reviewed for arthropods in 19). For example, HGTs for detoxifying cyanide 364 

were found in phytophagous mites and various lepidopterans 36; the beetle Hypothenemus hampei can 365 

feed exclusively on coffee beans due to a mannanase HGT 86; and the silkworm Bombyx mori 136 has 366 

used HGT for overcoming alkaloids in the latex of mulberry plants. A very similar history of HGT likely 367 

shaped some plant-parasitic nematode 137 and oomycete genomes 53. On the plant side of the arms 368 

race, defensive HGTs have been hypothesized to be used by some mosses and land plants 119. 369 

 370 

Epichloe fungi are intercellular symbionts of grasses, where they protect their hosts from insect 371 

herbivores using a cocktail of fungal alkaloids. This anti-insect arsenal of epichloe fungi seems to be 372 

supplemented by the mcf gene (makes caterpillars floppy), which was acquired from a bacterial HGT 373 

to the fungal genome 138. The authors show that mcf encodes a toxin that the endosymbiotic fungi 374 

produce to help kill insect larvae that feed on their host grass plants. Interestingly, the mcf gene is also 375 

found in the genome of the bacterial symbionts of entomopathogenic nematodes, where it has been 376 
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shown to be sufficient to kill insects 139. Thus, HGT from one tripartite interaction (nematodes, 377 

bacteria, insects) has possibly altered interactions in another tripartite interaction (grasses, fungi, 378 

insects) 138.  379 

 380 

Innovative transfers: eukaryotes exploit novel environments using bacterial genes. Plant 381 

material represents an enormous amount of Earth's biomass, and so it is no surprise that numerous 382 

eukaryotes have evolved adaptations to feed on both living and dead plants. But herbivory comes with 383 

the price of not only dealing with plant defenses, but also with the degradation of complex plant 384 

carbohydrates. Genes for degrading these complex carbohydrates have been acquired in numerous 385 

eukaryotic lineages.  HGT of genes involved in carbohydrate metabolism have been found in 386 

herbivorous insects 19, rumen ciliates 140, oomycetes and fungi 141, plant-parasitic nematodes 50,92,142, 387 

necromenic nematodes from the Pristionchus genus 143–145, rotifers 55, and choanoflagellates 146. 388 

Conversely, tunicates can synthesize cellulose for their eponymous protective exoskeleton (the tunic) 389 

because of an ancient cellulose synthase HGT 147,148. 390 

 391 

HGT of biosynthetic enzymes has allowed many lineages to live in extremely nutrient-poor 392 

environments. Amino acid, vitamin, and carbohydrate metabolism genes are perhaps most often 393 

involved in HGT (and in cases where the host has an endosymbiont, are probably maintenance 394 

transfers 31,35,37,89). Most of the HGTs found in 13 genomes of unicellular protists involve amino acid 395 

and carbohydrate metabolism 14. For example, in Cryptosporidium spp. genomes there are HGTs such 396 

as tryptophan synthase, aspartate-ammonia ligase, and glutamine synthetase 149 and trypanosomatids 397 

have acquired numerous HGTs involved in arginine, tryptophan, threonine, methionine, cysteine, 398 

lysine and vitamin B5 metabolism from diverse donors 113,114. Marine environments can be notoriously 399 

poor in nitrogen and iron, and HGTs have played a role in allowing several distinct eukaryotic lineages 400 

to scavenge these growth-limiting compounds from their environments. Iron-binding proteins of 401 

bacterial origin were found in diatoms 150,151, an extremophilic red alga Galdieria sulphuraria 51, and a 402 

soil-dwelling amoeba Dictyostelium 129,152. Nitrogen metabolism was influenced by HGTs at least in 403 
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diatoms 91 and green algae from the Micromonas genus 153. In other environments, the limiting nutrient 404 

is not that obvious, for example N-acetylneuraminate lyase HGT likely allows Trichomonas vaginalis to 405 

scavenge sialic acids from its host for nutrition 154.  Transfers of amino acid and vitamin genes from 406 

bacteria to animals include those involved in the diaminopimelic acid pathway in the choanoflagellate 407 

Monosiga 155, haeme biosynthesis pathway (a ferrochelatase HGT) in the nematode Brugia malayi 32, 408 

and B1, B5, and B6 vitamin pathways in the plant nematode Heterodera glycines 90,156. 409 

 410 

Finally, HGTs have allowed eukaryotes to live in extremely hot, cold, and otherwise toxic 411 

environments. HGTs of bacterial genes encoding ice-binding proteins (IBPs), which can allow its 412 

recipients to survive in extremely cold environments, were found in the diatom Fragilariopsis 413 

cylindrus 157, the haptophyte Phaeocystis antarctica 158, and the green algae Pyramimonas gelidicola 158 414 

and Coccomyxa subellipsoidea 159. HGTs allowing recipients to survive hot, metal-rich, and acidic 415 

environments were detected in the genome of red alga Galdieria sulphuraria 51. HGTs that protect 416 

hosts from other sources of environmental stress, such as desiccation and oxidative and osmotic 417 

stress, seem to be frequent in rotifer species from desiccating habitats 43. Likewise, two HGTs seem to 418 

protect the microsporidium Antonospora locustae from oxidative and UV-induced damage 160,161. 419 

 420 

Concluding remarks 421 

Both early and recent missteps in HGT research has made it clear that care is required when 422 

hypothesizing that a gene has moved into a genome from an unrelated organism. But numerous 423 

papers reporting HGT from bacteria to eukaryotes stand on solid conceptual and methodological 424 

ground. While the field of HGT research is vibrant, there is clearly room for improvements both in the 425 

methods used to screen for contamination in genome projects and in the methods used to verify 426 

putative HGT events. As we show in this review, adaptive HGTs are used both to maintain 427 

functionality—often in situations involving an endosymbiont that is subject to genomic erosion—but 428 

also to acquire new functions such as nutrient acquisition, protection, and environmental buffering. To 429 

better understand the true phylogenetic and functional scope of bacterial genes in eukaryotes, a focus 430 
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on phylogenetically important but neglected groups such as protists is warranted since the majority of 431 

eukaryotic diversity resides in these understudied organisms. 432 

 433 

Display items 434 

 435 

Box 1: Methodologies and caveats in HGT identification. 436 

Sample preparation (caveat: contamination): HGT detection tends to start with a genome project. 437 

As such, the first step in trying to detect HGTs in any organism should be careful sample and 438 

sequencing library preparation. For example, tissues known to house dense communities of bacteria 439 

can sometimes be removed, and the outer surface of sequenced individuals can be bleached to reduce 440 

contaminating environmental bacteria. Guidelines for reducing reagent and laboratory contamination 441 

are well-defined for microbiome studies 162, and we recommend using these approaches when 442 

generating data that might include HGT detection. Several software programs are available for high-443 

throughput HGT detection 163–168, but none of these programs deal well with contamination.  444 

 445 

Sequence database searches (caveat: database sampling): Numerous BLAST-based approaches 446 

have been developed to find candidates of horizontal gene transfer in eukaryotic genomes 37,55,88,169. 447 

Perhaps the most rigorous implementations of this approach use two or more alternative search 448 

databases and calculate differences between either E-values (a so-called “Alien index”) or bit score 449 

(HGT index) of the highest HGT and the highest non-HGT blast hit 55,88,169. The HGT index might be 450 

preferred because bit scores are not dependent on database sizes the way E-values are, but arbitrary 451 

cutoffs are always needed to separate HGT candidates from non-HGT genes. However, the 452 

performance of any sequence alignment-based method is only as good as the databases used in the 453 

searches. It is relatively reliable for taxa with numerous sequenced and well-annotated genomes (e.g. 454 

some Bacteria and Metazoa), but HGT candidates found with these approaches should be interpreted 455 

with extreme skepticism for non-model organism, for detection of ancient and highly diverged HGTs, 456 

or if any related reference genomes are of low quality (or possibly contaminated with bacterial 457 
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sequences) themselves. 458 

 459 

Phylogenetic evidence (caveats: poor taxon sampling and phylogenetic artifacts): Sequence 460 

database searches should primarily be used to narrow-down the total number of HGT candidates to a 461 

computationally feasible number of candidates for phylogenetic analysis. Phylogenetic conflict, i.e. 462 

incongruence of a single-gene tree with a known 'species' phylogeny is the method of choice for HGT 463 

detection. However, a phylogenetic tree is still just a hypothesis. HGTs likely evolve under different 464 

selection pressures than native genes, especially at first, and many have long branches. Methods that 465 

reduce long-branch attraction 170 can be used on single-gene datasets of HGT candidates, and the HGT-466 

topology can be tested with statistical approaches (e.g. the approximately unbiased test 171 can be used 467 

to compare the HGT-topology to a constrained non-HGT topology). Finally, differential gene loss in 468 

different lineages can lead to situations that look like HGT but are not 21,45, especially in situations 469 

where taxon sampling is limited. 470 

 471 

Genomic evidence (caveats: endosymbionts and contamination): The co-assembly of an HGT 472 

candidate with one or more eukaryotic genes on a single genomic scaffold is probably the best 473 

genomic evidence of gene transfer. This does not mean that a promising HGT candidate is simply 474 

present in the same assembly, which can easily be contamination, but rather shares the same contig or 475 

scaffold as a high-confidence native gene. Typically this means that the average depth of sequencing 476 

coverage of the scaffold with the HGT candidate should be similar to other eukaryotic scaffold. (In 477 

some cases, the HGT might be present in several copies that are collapsed into a single region, 478 

resulting in higher than average coverage, or might be localized on an under- or over-479 

represented/replicated genome region such as a B- or sex-chromosome that has a completely different 480 

copy number from autosomal regions.) The use of PCR-free library methods can help reduce 481 

uneveness in sequencing depth of coverage. Using very strict sequencing depth filtering can help to 482 

remove contamination, but it can also remove some false negatives. Software such as Blobtools 172 483 

[https://blobtools.readme.io/] which bins and displays assemblies by characteristics such as depth of 484 
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coverage, GC content, codon usage, and k-mer frequencies can also be very helpful in discriminating 485 

contamination from HGT candidates 25,54. However, very recent HGTs will sometimes be difficult to 486 

distinguish from contamination or symbionts 40,72. 487 

 488 

Population, microscopy, and functional evidence (caveats: sample availability, cost): Presence of 489 

an HGT candidate in individuals from geographically distinct populations (or even species or higher 490 

taxonomic units) can help to distinguish it from most contaminants, especially if the gene is present on 491 

the same genome region and its phylogeny reflects the species phylogeny 54 . Localizing the HGT 492 

candidate on the host chromosome using FISH with specific fluorescently labeled probes is probably 493 

the best piece of evidence available for any HGT candidate. This approach was shown to be essential to 494 

corroborate whole Wolbachia genome inserts into arthropod genomes because these HGTs lack many 495 

of other HGT signatures 70–72. Preparing good chromosome spreads and doing single-gene 496 

hybridizations can be, however, impossible or very laborious with some organisms. On the other hand, 497 

generating RNA-Seq data is becoming a must for any genome project and these data are very useful for 498 

detection of expressed and likely functional HGTs. Genes of such HGTs tend to have eukaryotic gene 499 

structure with canonical introns, untranslated 5' and 3' regions, a polyA tail, and a eukaryotic signal 500 

peptide 31,88. Tissue-specific expression combined with experimental validation of the enzymatic 501 

function previously unknown from the target taxon was used as supporting evidence for several HGTs, 502 

e.g. in arthropods (reviewed in 19). 503 

  504 
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Figures and tables 505 

Fig 1: Functional HGTs mapped on the eukaryotic phylogeny. (A) A phylogenetic tree with with all 506 

cases of primary and complex plastids highlighted by differently colored ovals. Selected functional 507 

bacteria-eukaryote HGTs are displayed in various colors and highlight parallel nature of HGT across 508 

the tree of life. (B) Horizontal gene transfers in insects are shown in greater detail, revealing diverse 509 

types of transfers from numerous bacterial groups in many insect orders. 510 

 511 

Fig 2: How does foreign DNA become functional in eukaryotes? Here we schematize the steps any 512 

foreign bacterial sequence may take when becoming functional in a eukaryotic genome. (A) The 513 

genomic players are shown as large and small fragments of bacterial genome (bacterial genes shown 514 

in blue) and a section of the recipient eukaryotic genome with a gene-rich region on the left and a 515 

gene-poor region on the right (eukaryotic genes are shown in purple; transposable elements are 516 

shown in green). (B) Acquisition of a large fragment of bacterial genome by a eukaryote often results 517 

in bacterial gene nonfunctionalization (shown in grey) and the formation of junk DNA. (C)  Acquisition 518 

of a small fragment of bacterial genome is more likely to result in a functional transfer. We have shown 519 

the process as one that occurs step-wise, but in reality, functional transfers can enter and exit at any 520 

part of this pathway, and can move through the steps in any order. 521 

 522 

Fig 3: Two examples of functional HGT from the mealybug Planococcus citri. Genome context, 523 

gene structure, and patterns of expression are shown for two HGTs, dapF and ribD. Native eukaryotic 524 

genes are shown in red, and the bacterial HGTs are shown in yellow. 525 

 526 

Fig 4: Parallel HGTs targeting peptidoglycan bonds. Parallel adaptive HGTs used by various 527 

eukaryotes for defense from bacterial pathogens by degradation of their cell envelopes. 528 

 529 

 530 

 531 
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Table 1. Functional and putatively functional horizontal gene transfers reported from 532 

eukaryotes. We note that some of the categories can overlap with others, and our categorization here 533 

reflects a simplification of reality. Here we focus only on HGTs with an assigned functional 534 

categorization, so the list is not exhaustive. #The Nematostella genome was suggested several times to 535 

be highly contaminated by bacterial data, so here we include only this one well-supported HGT event 536 

(type VI secretion amidase effector Tae). *ecotins, bacterial inhibitors of animal serine peptidases. 537 

Column one designates eukaryotic supergroup, abbreviations: Exc=Excavata, Opi=Opisthokonta, 538 

Arch=Archaeplastida, Amo=Amoebozoa, Hac=Hacrobia, SAR=Stramenopila-Alveolata-Rhizaria. 539 

 540 

(A) Maintenance transfers 541 

 542 

Compensating for gene loss in obligate endosymbionts 

S Eukaryotic lineage Ref 

Opi mealybugs, aphids, psyllids, whiteflies 28,35,37,48,54,114 

SAR Paulinella chromatophora 

Exc Angomonas and Strigomonas trypanosomatids 

 543 

(B) Innovative transfers 544 

 545 

Protection from bacteria (lysis of bacterial cells) 

S Eukaryotic lineage Ref 

Opi mites and ticks, Daphnia, Capitella and mollusks, 

lancelet, acorn worm, sea anemone, Monosiga, 

hemipteran insects, Trepanomas, bdelloid 

rotifers, fungi 

 

28,33,34,49,54,88 
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Arch Selaginella 

SAR Oxytricha 

Exc Naegleria 

Protection from eukaryotes (e.g. pore forming toxins) and 

their metabolites 

Opi Hydra, ticks, fungi, #Nematostella, Epichloe fungi, 

herbivorous arthropods 

19,29,138 

Arch various plants 

Exc Leishmannia+*Trypanosoma spp. 

 546 

Nutrition (amino acid and nitrogen metabolism) 

S Eukaryotic lineage Ref 

Opi herbivorous arthropods, Monosiga, 

fungi 

19,38,91,113,114,149,153,155,174 

Amo Dictyostelium, Entamoeba 

Arch Micromonas 

SAR diatoms, Apicomplexa species, 

Blastocystis 

Exc Kinetoplastida species, Trichomonas, 

Giardia 

Nutrition (co-factors, vitamins, and iron limitation) 

Opi hemipteran insects, Brugia malayi, 

Heterodera glycines, fungi 

19,32,51,113,129,150–

152,156,174 
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Amo Dictyostelium, Entamoeba  

 

 

 

Arch Galdieria sulphuraria 

SAR diatoms 

Exc Kinetoplastida spp., Trichomonas 

Nutrition (plant carbohydrates) 

Opi herbivorous arthropods, rumen 

chytrid fungi, plant parasitic 

nematodes, Pristionchus necronemic 

nematodes, choanoflagellates (likely 

algal origin), rotifers 

19,50,55,92,140–146,173 

SAR rumen ciliates, oomycetes 

Nutrition (carbohydrates) 

Opi fungi 14,38,174 

Amo Entamoeba, Dictyostelium 

SAR Cryptosporidium, Blastocystis 

Exc Trichomonas vaginalis, Kinetoplastida 

species 

 547 

Extreme and toxic conditions (cold, hot, acidic, arsenic, telluric, 

…) and environmental stress (oxidative, osmotic, UV-induced, 

...) 

S Eukaryotic lineage Ref 

Opi rotifers, Antonospora locustae microsporidium, 43,56,129,158–
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fungi 161 

Amo Dictyostelium 

Arch Coccomyxa subellipsoidea, Galdieria sulphuraria, 

various plants 

SAR diatoms 

Hac Phaeocystis antarctica 

Facultative or obligate anaerobiosis 

Opi chytrid fungi and yeasts, Amoebidium 

parasiticum 

38,140,149,177–

188 

Amo Entamoeba spp., Mastigamoeba balamuthi 

Arch Cyanophora paradoxa, Porphyra haitanensis, 

Prasinophyte algae, Chlorophyte algae 

SAR 

 

Thalassiosira pseudonana, Cryptosporidium 

parvum, rumen ciliates, Nyctotherus ovalis, 

Blastocystis 

Hac Prymnesium parvum 

Exc 

 

Giardia lamblia, Trichomonas vaginalis, Trimastix 

pyriformis 

Nucleotide metabolism 

Opi microsporidia 14 

Amo Entamoeba 

SAR Cryptosporidium, Plasmodium 

Exc Trichomonas, Kinetoplastida species, Giardia, 



  25 

Spironucleus 

RNA and DNA modifications 

Opi mealybugs, psyllids 14,31,35 

Amo Dictyostelium 

SAR Plasmodium, Toxoplasma 

Exc Trichomonas, Kinetoplastida spp. 

Parasitism and pathogenicity 

Opi various microsporidia 14,38,175,176 

Amo Entamoeba 

SAR Cryptosporidium, Plasmodium, Toxoplasma spp., 

Blastocystis 

Exc Trichomonas, Giardia, Leishmannia, Trypanosoma 

 548 

 549 

Supplementary information 550 

Table S1: HGTs from bacteria to eukaryotes. A comprehensive table with additional references to 551 

articles reporting both functional and non-functional HGTs from bacteria to eukaryotes is freely 552 

available at the following URL, open for comments from anyone, and for edits upon request: 553 

[https://docs.google.com/spreadsheets/d/1F2UKsfTfMawU4N_yv__oep9desviiq7fl7iKk5Qg8rg/edit?u554 

sp=sharing]. 555 
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