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Introduction

Horizontal gene transfer (HGT), or lateral gene transfer, refers to the
movement of genetic information between organisms outside
the context of sexual recombination, including transfers between
distantly related species. The process has been known for decades’,
andithaslongbeenunderstood to have played amajor partingenome
evolution”*.Indeed, the degree to which HGT hasimpacted many bac-
terial and archaeal genomes is so substantial that some researchers
have questioned if a tree of life is even an appropriate metaphor for
evolutionary relationships, suggesting a tangled web might better
represent how organisms are related™°.

Most of what we know about the prevalence, mechanisms and
functional and evolutionary impacts of HGT comes from bacterial
and archaeal genomes®™"; how eukaryotic genomes are affected by
HGT has been more of a debate'* . This lack of clarity is partly down
to a scarcity of data: despite the fact that the first nuclear genome
was published only 1 year after the first bacterial genome'”*®, nuclear
genomics has lagged behind that of bacteriaand archaea. Thereasons
for thisare obvious: eukaryotic nuclear genomes are relatively large and
complex, making their sequencing, and especially their bioinformatic
analysis, much more difficult. Moreover, understanding patterns of
HGT requires many genomes from diverse taxa, but eukaryotic genom-
ics has been severely biased towards a few lineages (animals, fungi
and plants), and even among the vast diversity of ‘other’ eukaryotes,
the biases extend to strongly favour the relatively small genomes of
parasites and algae'*,

Despite these obstacles, the body of genomic data from diverse
eukaryotes has grown substantially in recent years owing to advances
insequencing methodologies, particularly culture-free genomics meth-
ods, and agreater appreciation of the evolutionary diversity of eukary-
otes. It is now clear that HGT in nuclear genomes is not only different
fromwhatwe seeinbacteriaand archaeabut perhaps also different from
what we might have predicted based oninfluentialideas about eukary-
oticgenome evolution. Eukaryotes differ from bacteriaand archaeain
many ways, but one particularly important difference is that they ‘eat’
other cells by phagocytosis and sometimes retain them as endosymbi-
onts.Ithasbeenargued thatboth these characteristics should increase
the frequency of HGT and, as I will show throughout this Review, these
ideas have had adeep impact on how nuclear genomes have beeninter-
preted. Although these hypotheses are intuitively appealing, it now
seems that they donotactually fit observations fromnuclear genomes
and that some commonly held assumptions are likely false.

This Review will frame what we know about HGT in eukaryotes in
the context of their biology, beginning with a reminder of the major
differences in eukaryotic biology that might have affected HGT, and
summarizing the data on the effects of HGT on nuclear genomes
and eukaryotic biology. I will then put this into context by arguing
that we have put too much emphasis on aspects of this biology that
affect the exposure of agenometo foreign genes and not enough on
whether selection s likely to favour acquiring such genes. The same
argument also applies to how endosymbiosis-affected HGT, which
Iwill argue to be similarly misinterpreted.

HGT in eukaryotes

Foundational ideas about the effects of HGT on genome evolution
have been based almost entirely on data from archaea and bacteria?,
whichsaddles ourinterpretation of eukaryotic genomics with theoreti-
cal baggage that was developed to explain data from organisms with
very different genetics, cell biology, evolution and ecology. Genomic

sampling of the wider diversity of eukaryotes is still poor, but it has
improved to the point that some clear patterns have emerged and,
perhaps not surprisingly, HGT in eukaryotes is somewhat different
from what we see in bacteria and archaea.

Eukaryotic cells and genomes are different from those of
archaea and bacteria

That eukaryotic cells and genomes are organized very differently
fromthose of archaeaand bacteriais textbook biology. But, like most
textbook biology, the actual situation is more complex and nuanced
thanit might firstappear (Fig.1), soitis worth reviewing afew of these
differences, because genomic and cellular characteristicsimpact one
another in complex ways.

Atthe genomiclevel, eukaryotes are distinguished from bacteria
and archaeaby their compartmentalized genomes, with major differ-
ences in how both chromosomes and genes function. The principal
genomeinall eukaryotesisthe nuclear genome, anditis characterized
bybothitsstructure and content, withlarge numbers of genes and gene
family expansions, all organized on multiple linear chromosomes.
The mitochondrion and plastid contain their own genomes derived
from the bacterial endosymbionts that gave rise to these organelles?.
Aswill be discussed in detail later in this Review, these endosymbioses
areamajor focus of our thinking about HGT in eukaryotes, but the orga-
nelle genomes themselves are, with some exceptions™?, HGT deserts
and will not be discussed in much detail here.

Atthe cellular level, the nucleusis ‘officially’ the defining feature of
eukaryotes, but their dynamic cytoskeleton and endomembrane sys-
temsare probably better distinguishing features; indeed, the nucleus
isreally just one small extension of the endomembrane system (Fig. 1).
Distant homologues of several key cytoskeletal proteins are presentin
both bacteria and archaea®®*?, but whether structural or functional
equivalents of the cytoskeletal system as a whole exist outside eukary-
otesisanother question. By contrast, all eukaryotes use the cytoskel-
eton and endomembrane systems to actively control and change the
shape of the cell, whether or not they have secondarily re-adopted
the use of a wall for added structural stability. However, perhaps the
most important emergent property of these systems is their ability
to change the cell shape sufficiently to engulf other cells, an action
known as phagocytosis. Among bacteria, a single planctomycete has
been proposed to engulfother cells, but not through a process homolo-
gous to phagocytosis, and this does not represent a general property
of bacteria®. The Asgard archaea might represent a more important
exception: their genomes include larger numbers of cytoskeletal and
endomembrane protein-coding genes than bacteria, and the one cul-
tured representative of this group hasa complex morphology consist-
entwithanactive cytoskeleton®**% If Asgard archaea also prove to use
ahomologous (if rudimentary) form of phagocytosis, it substantially
changes how we view the evolution of this process, given that this
lineage is also one of the closest known relatives of eukaryotes®. Even
so, the last common ancestor of eukaryotes was clearly already quite
distinct from these or any other bacteria or archaea in possessing a
very complex and dynamic cytoskeleton capable of highly coordinated
and controlled phagocytosis. It most likely relied on phagocytosis for
its main sources of energy and nutrients (that s, it was likely a hetero-
trophic phagotroph), and this property remains conservedin the vast
majority of eukaryotes today and defines the trophic mode of much
of eukaryotic diversity™.

This ability to ‘eat’ other cells by phagocytosis would also would
have facilitated endosymbiosis: the uptake and retention of an
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Fig.1|Differences between eukaryotic, bacterial and archaeal cells.
Schematic diagrams of cells representing the three domains of life, bacteria,
archaea and eukaryotes, reflecting their fundamental differencesin cellular
structure. In the centre of the figure is a tree showing the relationships of these
three cell types (the archaea are shown as paraphyletic, and the Asgard archaea
are notrepresented in the cell diagrams, because we still know relatively little
about their structure). For each group, distinguishing cellular features common
to most members of each group are shown, with the cell envelope blown up to
show detail. Whereas bacterial and archaeal cells typically rely on an external
skeleton (that s, a rigid layer based on proteins or peptidoglycans) for cellular
integrity, eukaryotes typically have a flexible envelope supported by an internal
cytoskeleton (component names clustered and boxed in green). Some eukaryotic
lineages augment this envelope with a rigid wall, but most do not, and those
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that do retain the cytoskeleton. This flexibility allows the cytoskeleton to work
with theendomembrane system (component names boxed in blue), acomplex
machinery that sorts and traffics membranes, to give eukaryotic cells a degree
of controlled morphological plasticity that is not possible in bacteria or archaea.
The cytoskeleton and endomembrane systems together account for most of the
important structural elaboration within eukaryotic cells, and components of
both (often working together) have been repurposed in many ways to create a
multitude of diverse structures and functions. One overarching outcome of these
systems is the ability to surround and engulf (phagocytose) other cells, on which
eukaryotes can feed, by controlling the trafficking of these cells and of digestive
vacuoles inside the cell. Sometimes cells inside a eukaryote are not digested
immediately, becoming endosymbionts instead. The mitochondrion and plastid
are the most famous of these endosymbionts, but many others exist.

‘endosymbiont’ cell within a ‘host’ cell. This is a time-dependent defi-
nition, because the ultimate fate of many endosymbionts is diges-
tion, so the line between ‘food’ and ‘endosymbiont’ can be blurry,
but many endosymbionts are long-term inhabitants that undergo
cell division and growth within the host. They can be bacteria,
archaea or eukaryotes, but the host is virtually always a eukaryote®®.
Again, there are proposed exceptions”, but these are not only rare but

also questionable comparisons, because the bacterial ‘host’ also lives
inaeukaryote and likely cannot make its own membrane, instead using
one fromits eukaryotic host™,

Of course, the most famous and well-studied endosymbionts are
the mitochondrion and plastid organelles, both of which are ancient
and genetically integrated with their host through massive gene
transfer and protein targeting®. This genetic integration has given
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these organelles anoutsized role in our thinking about HGT and how it
affected the origin of eukaryotes.Indeed, phagocytosis, endosymbiosis
and HGT collectively dominate an ongoing and lively debate about
how eukaryotes arose*°°. This Review will focus on processes whose
presenceinthelast commonancestor of all eukaryotesis not disputed,
making it equally consistent with different views of the debate.

Evidence for HGT to the nucleus

A disproportionate amount of genome data currently comes from
animals, and progress towards a clear understanding of how HGT has
affected their genomes has been side-tracked by two widely publi-
cized cases in which HGT in animals was massively overestimated*"*
(Box 1), overshadowing more moderate claims. Nevertheless, over
time, a great number of cases of HGT backed by solid evidence has
accumulated across the tree of eukaryotes, including animals'®**~®,
The proportion of HGTs observed to date in eukaryotes is, however,
many times lower than that inferred in bacteria and archaea. Most
analyses, meta-analyses and studies across diverse groups consist-
ently conclude that, at most, only a few percent of genes in a nuclear
genome are detectably derived from HGT, which is several-fold lower
than in most bacterial and archaeal genomes. These studies mostly
focus exclusively on transfers from bacteria, because they are more
easily identified (too few diverse nuclear genomes are available to be
as certain of eukaryote-to-eukaryote transfers), but this means they
underestimate the true number of total HGTs. These studies also tend
tofocusonrelatively recent transfers, which are easier to identify but
also potentially more frequent®®. The lack of ancient transfers sug-
gests that HGTs have not massively accumulated over evolutionary
time, and it has been offered asevidence that HGT does not happenin
eukaryotes at all"*®°. This argument has been countered on methodo-
logical grounds™, but it is also possible that this observation should
have beenthe expected outcome given constant, low-frequency HGT,
because most acquired genes would convey transient benefits and
would later be lost, once conditions had changed, as has long been
observed in bacteria®*®’.

Many cases of eukaryotic HGT come from lineages that have
adaptedtoanew niche and acquired genes that have an obvious func-
tionallink to that ecological transition. For example, anaerobic protists
acquired new metabolic pathways, often seemingly from bacteria
that had already adapted to these environments®® . Other adaptive
acquisitions include denitritrification’, carbohydrate degradation”
and thermal adaptation®®’®, The adaptation to parasitism has also been
linked to HGT**”*"** as has defence against parasites and predators®>*°.
Inthese examples, the genomes are not particularly richin HGTs overall
but instead contain a small number of functionally important HGTs
thatimpactkey pathways. These events canbe seentorepresent short
butfunctionallyimportant pulses of HGT that occurred asaeukaryote
made amajor ecological transition, ofteninvolving altered metabolism.

These data collectively offer compelling evidence that HGT affects
nuclear genomes inimportant ways, but at alow frequency. However,
the data remain frustratingly anecdotal, because different methods
are used to examine each genome. The poor sampling of eukaryotic
genomic diversity restricts many studies to looking for the most obvi-
ous bacterial genes in the nucleus, and even then the use of different
methods makes it hard to compare data across studies: more studies
that compare HGT with consistent parameters across many lineages
areneeded'*******, Another major gap in our knowledge is mechanism:
we conclude HGT happened, and sometimes plausibly explain why,
but we almost never know how it happened. There are some exciting

new insightsinto mechanisms, including agents that actively transform
eukaryotic hosts®, transposable elements that may mediate transfers®,
extracellular membrane vesicles that transfer genes between cells®*°,
potential contact mechanisms such as tunnelling nanotubes’®, a vari-
ety of plausible mechanisms specific to plants” and, of course, viral
transduction® . These mechanisms are potentially important con-
duits for gene flow to the nucleus, but they have not been examined
very thoroughly. By contrast, one mechanism has been repeatedly
evoked and has greatly impacted theory and interpretation: eating,
and, by extension, endosymbiosis.

Chance and necessity

Eveninbacteria and archaea, in which HGT is said to be common, it is
actually rarerelative to vertical inheritance of ancestral genes, because
achain of unlikely events has to take place in the correct order for a
transfer to be successful. The gene has to getinto the new cell, integrate
into the genome and be expressed; the protein has to be folded cor-
rectly and may have to be targeted to aspecific locationin the cell. We
oftenintuitively think of the likelihood of gene transfer as dependent on
factorsthat mightincrease or decrease the frequency of these chance
events. For example, increasing the exposure to foreign genes by eating
other cells or taking them up to reside in the cytoplasm may indeed
increase thelikelihood of acquiring some of those genes, as compared
with an otherwise identical situationin which the cellis not exposed to
them at all. Similarly, organisms with a high rate of non-homologous
recombination and/or genomes with a large fraction of non-essential
DNA may be more likely to have foreign DNA inserted into their chro-
mosomes with higher frequency or without deleterious effect, as seems

Box 1

HGT and animals

Although animals are disproportionally represented in currently
available data from nuclear genomes, our view of horizontal gene
transfer (HGT) in animals is particularly unclear, in part owing to
dramatic reports of high levels of HGT that proved to be wrong.

The first example comes from the human genome, which was
remarkably twice claimed to encode scores of foreign genes®?'°,
and in both cases this conclusion was quickly demonstrated to

be the result of methodological artefacts'*”. The second case
comes from tardigrades, famously cute microbial animals that were
reported to have one-fifth of their genes derived from HGT®, again
owing to methodological errors”***°. These high-profile mistakes
cast a shadow on all reports of HGT in eukaryotes', deservedly or
not. Certainly, they are a call to examine the methodology carefully
and err on the side of caution, but they are not evidence against any
other cases reported using more stringent methods. Indeed, a third
animal lineage also stands out among eukaryotes: the genomes of
bdelloid rotifers, an unusual group of microscopic asexual animals,
were also reported to contain an exceptionally high proportion

of HGTs”®. This claim, however, has been shown to be true for
successive genomes and has stood up to re-analysis?**'®, and the
debate has moved on to examine why this is the case, with disputed
suggestions that HGT might substitute for genetic variation
normally supplied by sex or aid the adaptation to desiccation?*%%.
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to bethe case with dinoflagellate protists, for example, in which large
numbers of both reverse-transcribed mRNAs and fragments of viruses
have been inserted into chromosomes®?°, However, increasing the
frequency of these chance events that are requirements for success-
ful HGT only leads to a higher frequency of successful transfers over
evolutionary timeifalast, critical conditionis also met: the genes must
be beneficial and spread through the population, ultimately leading
to fixation. Focusing on chance alone misses the role of necessity, with
potentially misleading results.

For some gene transfers, this unlikely series of events can be
driven forward by an evolutionary ratchet: given the vast number of
opportunities over long periods of evolutionary time, even unlikely
eventsbecomeinevitable, if they are aone-way street”. Although this
is theoretically true, it probably has vastly different effects on differ-
ent kinds of genes, because the conditions most likely to evolve in a
ratchet-like way are not always those most likely to be driven by selec-
tion. For example, horizontal transfers that replace essential genes with
a functional equivalent are the most likely to evolve in a ratchet-like
manner, because they are the least prone to reversion to the ances-
tral state: the original gene is lost but the function remains essential.
These cases are also the most dependent on drift rather than selection
for fixation, because the genes are probably at best functionally equiva-
lentrather than beneficial. Most transfers thatintroduce new functions
are unlikely to be beneficial, but if they are, they will be more likely to
be fixed by selection. However, they are also more reversible, given
that the new function cannot be essential in all contexts or it would
have been ancestrally present. Although selection may push these to
fixation, they will not necessarily accumulate inaratchet-like process,
because most non-essential functions are transient in evolutionary
time: when conditions change and selection drops off, they are more
likely to be lost without consequence, so even successful transfers are
often transient over evolutionary timescales®®®. The number of genes
that fulfil both conditions must be very small: they must represent
non-essential but extremely beneficial functions that are difficult to
lose once gained. One avenue that could make successful transfers
more likelyis hitchhiking of genes with neutral or redundant functions
with linked genes that have highly beneficial functions. Examples
wouldinclude several biosynthetic functions, beyond respiration and
photosynthesis, which came into eukaryotic cells with mitochondria
and plastids. They were likely redundant but retained owing to selec-
tiononother functions of the organelle and its compartmentalization,
and over time might have allowed the loss of ancestral host functions,
making them essential. It has been shown in plants that functionally
neutral genes derived from HGT have hitchhiked through a population
owingtolinkage to abeneficial gene acquiredinthe same transfer,and
later acquired a beneficial function in a new context, leading to their
further spread®.

Formost HGTsin the nuclear genome, however, the role of chance
has dominated the discussion, and overall the ways that phagocytosis
and endosymbiosis mightincrease HGT have been dominant themes.
However, considering necessity turns this picture upside down.

You are what you eat

That the ability to eat other cells and take up endosymbionts both
increase exposure to foreign genes is beyond dispute: foreign genes
are probably taken up into the endomembrane system of eukaryotes
billions of times per millisecond in modern eukaryotes. In endosym-
biosis, eukaryotes take up and keep whole cells: populations of these
endosymbionts are growing, dividingand occasionally lysingin millions

of hosts across the tree of eukaryotes®, presumably almost constantly
bathing the host genomes in endosymbiont DNA.

A model for how this might affect HGT in eukaryotes was for-
mally elaborated in the ‘you are what you eat hypothesis’”. Briefly, the
constant exposure of eukaryotic genomes to foreign genes acquired
though phagocytosis and endosymbiosis sets up an evolutionary
ratchet that was proposed to lead to an inevitable replacement of
genes and addition of new functions from their food. This idea has
been highly influential, probably because it is so intuitive: bathing
theinside of your cell with foreign genes must increase the frequency
of HGT. Indeed, we can actually measure the frequency of organelle
DNA transfer to the nucleus in laboratory timescales®?'°2, and mas-
sive amounts, including large fragments and even whole genomes of
bothorganelles and endosymbionts, have been found integrated into
host nuclear chromosomes'*>", However, nearly all of this DNA is
non-functional®: the actual frequency of functional transfers tonuclear
genomesis lower in most eukaryotes thanitisinbacteriaandarchaea,
which do not engulf and internalize foreign cells.

There is a disconnect between the intuitive expectation and the
data: genomics do not support the idea that any potential increased
opportunity to acquire new genes through feeding or endosymbiosis
ledtoanactualincrease in the frequency of HGT. One possible expla-
nationis that phagocytosisincreased the chance of HGT but obviated
its necessity.

Why phagocytosis should reduce HGT

Thekey tounderstanding the disconnect between whatis observed and
whatwas predicted with respect to feedingand HGT is to consider that
eating other cells changes the kinds of genetic variation that selection
operates on most effectively. Bacterial ecology is frequently described
interms of metabolic networks and how individual speciesfitinto those
networks by virtue of the enzymes they express and how they can make
use of resources within the network'*'°°, Metabolic enzymes are highly
modularinnature; carrying out simple reactions onspecific substrates,
their core function s relatively independent of their cellular context.
Promiscuous enzymes can mediate ‘underground metabolism’ that
makes enzyme acquisition more advantageous and increases con-
nectionsin these networks'’. Metabolic pathways are themselves also
relatively modular; the ecological impact of ametabolic process within
anetworkis moreimportant than which cell or species is carrying out
that process, and metabolic reactions and pathways can be pluggedinto
networks in different ways'°*'%°, Overall, the cellular context is not as
importantas the broader metabolic context for whether the possession
ofacertain enzyme will be beneficial to acell or not. As aresult, selec-
tiononbacteriaand archaea would be expected to operate on variation
inthe form of the presence or absence of enzymes and pathways, and
this kind of variation is easily acquired by HGT: genes for enzymes or
operons with whole pathways can be readily acquired from neighbour-
ing cells and can be immediately beneficial if they give access to new
sources of energy or nutrients (Fig. 2). This is not to say that selection
doesnotwork on other kinds of variation (such as structural or sensory
variation) or that enzymes do not evolve by other means (such as gene
duplication or mutation), but it is a major factor in bacterial ecology
and evolution, and one that is extremely well-suited to HGT.

Most eukaryotes do not work this way. The advent of phagotrophy
allowed the cell to internalize and use diverse packets of food, which
to some extent unplugged them from the metabolic network sur-
rounding them by turning what were formerly competitorsinto food.
This also changed the kind of variants that would be most favoured
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Fig.2|Ecological strategies that promote or suppress horizontal gene
transfer. The kinds of variations most likely to be selectively advantageous
inbacteria are different from those of eukaryotes, because these organisms

rely on completely different feeding strategies. a, Bacteria feed primarily by
extracellular heterotrophy, and the success or failure of cellsin a population
toreproduce is greatly affected by the metabolic enzymes and transporters

they express, and how they fit into the metabolic network of their environment.
The acquisition of anew metabolic capacity that allows them to access anew pool
of energy or nutrients will be advantageous (in this case, acquiring anenzyme
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todigest thered, star-shaped molecules), and this kind of variation is readily
available by horizontal gene transfer (HGT) in the form of genes for metabolic
enzymes or transporters that already evolved to serve the same functionin
another cell. b, In eukaryotes, feeding by phagocytosis can afford access to new
sources of energy or nutrients, primarily via changes to the eukaryotes’ cellular
shape and behaviour (in this example, by evolving a larger mouth to feed on
larger prey). These kinds of variations are not readily available by HGT and arise
instead through changes such as modified expression networks that affect
developmental pathways.

by selection, because a cell’s ability to hunt down, capture and engulf
prey isnot mediated by metabolicenzymes. Instead, it is mediated by
cellular structure and the active behaviours those structuresimpart™.
We would never believe that a cheetah evolved to run fast by eating
other fast animals and acquiring their ‘fast’ genes: we know that chee-
tahs evolved speed by modifying developmental pathways that altered
their body plan and the behavioursimparted by their physical charac-
teristics. The same is fundamentally true for other eukaryotes at the
cellular level: a heterotrophic flagellate does not evolve the ability
to eat larger cells by acquiring ‘big mouth’ genes through HGT. Such
variation comes from changes to regulatory cascades that affect cel-
lular development pathways, and these changes come in the form of
gene family expansion, mutations to coding or regulatory regions or
epigenetic effects (Fig. 2).

When eukaryotes evolved the ability to eat other cells, it may have
increased the chances of acquiring new genes in their genome, but
because it fundamentally changed the kind of variation required by
selection to drive adaptation, it also undercut the necessity for most
such genes. Without abeneficial function driving selection, most genes
acquired from food would simply be lost, resulting in alower frequency
of functional HGTs.

Exceptions prove the rule?

Just as bacterial and archaeal evolution is not solely driven by HGT,
eukaryotic evolution has stillbeen affected by HGT to a point, just not as
extensively as bacterial and archaeal evolution. That for many eukary-
otesselection operates on variation not readily available through HGT
is evident in the many case studies mentioned earlier (see Evidence
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for HGT to the nucleus), which often reveal that asmall number of key
genesare acquired during an ecological transition, such as adaptation
tosome new environment. However, itis also evident from the variation
between different lineages in their tendencies to acquire genes.

This is most obvious in fungi, for which comparative genomics
has shown HGT to be particularly prevalent'>', This is consistent
with the idea that the typically eukaryotic dependence on structure
and behaviour downplays the need for HGT, because, in the context
of metabolism and feeding, fungi are very ‘bacterial-like’ eukaryotes.
They are incapable of phagocytosis and instead feed by extracellular
heterotrophy (such as saprotrophy), and, similarly to bacteria, they
are amazingly versatile metabolically and often fit into ecological
metabolic networks in ways akin to bacteria and archaea. As a result,
the kinds of variation most favoured by selection in fungi also seem
to be easily acquired by HGT, and indeed many fungal HGTs affect
metabolism and metabolite transport”'*1"*1°_Consistent with this
idea, adistantly related protist group, the oomycetes, are so fungus-like
in their appearance and dependence on extracellular heterotrophy
that they were once thought to actually be fungi, and they too have
beenreported to have acquired asubstantial number of HGTs related
to saprotrophic feeding, and many of these genes were acquired from
fungiuo—m.

Another interesting case is plants”>'*°, These organisms gen-
erally do not feed by phagocytosis and are instead autotrophs that
acquire energy and nutrients by photosynthesis and absorption. HGT in
plants was initially under-appreciated, but evidence has steadily accu-
mulated that a substantial number of foreign genes affecting several
key systems have been acquired during plant evolution. The scale was
first clearin organelle genomes, which normally do notacquire genes
from HGT at a high frequency, but they do so in some plants?>""1%,
Inthe nuclear genome, HGT has also been observed at arelatively high
frequency, and some ancient events persist across a wide diversity
of plants™®™*%, Acquired genes have been found to affect many core
physiological systems, including photosynthesis™ 2913146 ag well
as key structures, signalling and developmental pathways'>%145147150,
HGT is also particularly prevalent in conflict management: HGT has
impacted functions of both pathogenic plants and plant pathogens,
as well as defence mechanisms against pathogens and consumers, in
whichboth plants and their many enemies have used HGT inanendless
cycle to gain the upper hand®*!>"1517157,

Overall, these exceptions are consistent with the idea that the
frequency of HGT in eukaryotes is a function of sometimes duelling
likelihoods of getting new genes versus needing them, and that in most
lineages need plays the more important role.

Endosymbiosis is not a special case

Endosymbiosis famously gave rise to mitochondria and plastidsin the
ancient past (the ‘endosymbiont hypothesis’)**"’, but it less famously
isongoing today: ahuge variety of eukaryotes harbour an even greater
variety of endosymbionts with functional and evolutionary impacts
beyond our current knowledge®. The uptake and retention of a cell
withinacell can be viewed as a major adaptive shift for both partners,
and, not surprisingly, HGT plays a part, as it does with other adaptive
shiftsin eukaryotes described above. However, theory has outstripped
datain explaining the effects of HGT on organelle and endosymbiont
biology, and, asaresult, we currently rely on untested or unreliable but
deeply held assumptions to ground many expectations. Moreover, the
concept that HGT frequently does not provide the kind of variation
for selection to act on most effectively in eukaryotic cells also applies

to genes acquired through endosymbiosis, but it is complicated by
the geneticintegration of endosymbionts and their hosts. Below, two
common characteristics of this genetic integration are examined in
light of existing nuclear genomic data: the quantity of nuclear genes
transferred from endosymbionts and the origin of genes encoding
endosymbiont-targeted proteins.

Endosymbiotic gene transfer

A critical corollary to the endosymbiont hypothesis for the origin of
mitochondria and plastids®*°is that genes must have moved from the
endosymbiont to the host nucleus, and their products were targeted
back to the organelle®'*"', This has been repeatedly demonstrated
to be true for both plastid and mitochondrial genes, and these cases
of HGT are called endosymbiotic gene transfers (EGTs).

The evidence for EGT is incredibly strong. In the case of plant
mitochondria, for example, many plant species have been found to
have some nucleus-encoded, mitochondrion-targeted protein that is
highly similar to homologues still encoded in the organelle genome
of closely related species'® ', Recently transferred genes also reveal
details about how proteins adapt to existing trafficking machinery,
and, in some experimentally tractable systems, these events can be
dissected in thelab'®*'*’, Taken together, such studies provide compel-
ling evidence for recent gene transfer to the nucleus and offer glimpses
into possible mechanisms to overcome the many hurdles a successful
transfer faces.

The demonstration that the nucleus acquired many such genes
from the organellar endosymbionts reinforces the intuitively appeal-
ingideathatthe host had plenty of opportunity to acquire other genes
aswell. It has long been assumed that this increased chance translated
into a major impact on the gene content of the nuclear genome, with
endosymbiosis opening the door to a major influx of genes encoding
endosymbiont-derived proteins that found some new function in the
cytosol*””°, The protein products of these gene transfers do not, by
definition, function in the same compartment from which they origi-
nated, but they arealsoreferred toas EGT, which obscures the fact that
they are quite different from the canonical EGTs originally envisioned
as proteins that are targeted back to their source endosymbiont'®*,
This vague terminology has long confused discussion of EGT, so here
three different terms are proposed to distinguish three different pro-
cesses and their outcomes (Box 2): EGT isretained for its original mean-
ing, in which an endosymbiont-derived protein is targeted back to the
same endosymbiont; hetero-EGT isused when anendosymbiont-derived
proteinis acquired by the host but not targeted back to the endosym-
biont; and hetero-EPT (for hetero-endosymbiont protein targeting)
is used when proteins are targeted to an endosymbiont, but they are
derived from somewhere else.

Early analyses of nuclear genomes from plants and yeast con-
cludedthatalarge proportion of genes was derived from the cyanobac-
teria plastid endosymbiont and alphaproteobacterial mitochondrial
endosymbiont, respectively” 7>, Many of these genes corresponded to
organelle-targeted proteins (EGT), as expected, but a substantial num-
ber were proposed to encode proteins now functioningin the cytosol
(hetero-EGT). Probably because thisideais so intuitively appealing, the
notion that hetero-EGT greatly impacted nuclear genomes became a
deeply held assumption within the field and guided the formulation
of furtherideas without being repeatedly re-tested as more genomes
and better analytical methods became available. For example, the
assumption that endosymbiosis should lead the host to possess sub-
stantial numbers of hetero-EGTs is used to argue against the existence
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Box 2

Clarifying the concept of endosymbiotic gene transfer

The concept of endosymbiotic gene transfer (EGT) originally referred
to genes that moved from an endosymbiont to the host genome and
whose products were targeted back to the same endosymbiont;

this term was coined to explain the presence in the nucleus of
genes encoding proteins that seemed to be from the organelle

and function there'®. Since then, the meaning of the term EGT has
been expanded to refer to two other situations: genes from the
endosymbiont whose proteins are targeted elsewhere and genes
from elsewhere whose products are targeted to the endosymbiont.
These genes have very different histories and implications, so there
is growing need to clarify the terminology. The problem stems from
EGT relating to two different processes: gene transfer and protein
targeting. A Venn diagram of these processes (see figure) shows a
massive overlap corresponding to the original concept of EGT, and
here | propose to restrict this term to this concept: genes derived

Gene transfer
from endosymbiont

Hetero-EGT

EGT

from an endosymbiont whose products are targeted back to that
same endosymbiont (intersection of the Venn diagram, coloured
grey in the figure). | propose to call hetero-EGT the transfer of genes
from an endosymbiont whose products are targeted elsewhere in the
cell, because they are still gene transfers from the endosymbiont,
but they are heterologously targeted (coloured orange in the figure).
| propose to call hetero-EPT (for hetero-endosymbiont protein
targeting; coloured purple in the figure) the process in which
proteins encoded by genes that are not from the endosymbiont

are targeted to it, because they represent endosymbiont protein
targeting, but the relevant genes are heterologously derived (for
example, from the host nucleus, some other endosymbiont or

some food). With these terms, we can distinguish very different
evolutionary histories and effects that are currently vaguely referred
to using the same term.

Protein targeting
to endosymbiont

Hetero-EPT

Endosymbiotic
gene transfer

Hetero-endosymbiotic
gene transfer

Gene from endosymbiont
Protein targeted elsewhere

Gene from endosymbiont
Protein targeted to endosymbiont

Hetero-endosymbiotic
protein targeting

Gene from elsewhere

Protein targeted to endosymbiont

—> —> Gene transfer

— —o Protein targeting
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Fig.3|Endosymbiotic gene transfer in early organelle evolution. Genetic
integration and fixation in the cell are hallmarks of the transition from
endosymbiont to organelle, but how the order and nature of these events is
modelled frequently does not fit the data. a, Endosymbiotic organelles are
typically portrayed as first being taken up and retained (by eating or through
some close physical association), and that genetic integration follows as a
result of this intracellular association®*°*. Because the endosymbiont is fixed
inthe cell from the outset, this model predicts organelle-targeted proteins
should virtually all be derived from the endosymbiont itself by endosymbiotic
gene transfer (EGT). In this model, EGT to the host is possible before their
protein products can be targeted back to the organelle, which has been used
to suggest that the nucleus should contain alarge number of genes derived
from the endosymbiont, which are not targeted to the same endosymbiont
(hetero-EGT)*. b, A contrasting model reverses this order of events, so that
geneticintegration precedes the fixation of the actual endosymbiontin

the cell?®**” In the first stage, an ordinary cycle of uptake and digestion is

prolonged by delayed digestion or ‘farming’ by the host. Selection on the host

to exert greater control over the relationship leads it to target proteins to the
farmed cell: for instance, transporters to extract more nutrients or proteins to
suppress and control its division (hetero-endosymbiont protein targeting, or
hetero-EPT). Once this targeting is established, genes that move from the farmed
food to the host canalso be targeted to future farmed cells (more hetero-EPT).
This cycle could proceed indefinitely (as it happens for example in modern
kleptoplastic species, which keep ‘stolen’ plastids for long periods of time but
eventually have to replace them), but the farmed food could also be fixed more
permanently, if digestion were completely halted. At this point, EGT from this
nascent organelle would initiate, but the host would still target older proteins
derived from hetero-EPT to it. Data from relatively recent secondary and tertiary
endosymbioses are consistent with the second model, as they show that protein
targeting evolved prior to the fixation of the organelle in the cell'*>**, and most
endosymbiotic systems show evidence of hetero-EPT>"?85%173:201,

of any other kind of HGT, by suggesting that most or even all foreign
genes in a genome are due to artefact or have an organelle origin*.
The same logic underpins searching for an organelle ‘footprint’.
Forexample, the first nuclear genomes of non-photosyntheticrelatives
of secondary plastid-containing algae were intensively searched for
‘relict’ genes that would demonstrate that their ancestor contained a
plastid that had subsequently been lost'*"¢, Similarly, genomes from
algae withone kind of secondary plastid were searched for genes from
other kinds of plastids in pursuit of the idea that there had been a
series of repeated plastid endosymbioses’*"””. These tests all rest on
the assumption that an ancient endosymbiosis would leave a distinct
genetic footprint on the host genome that would persist even after the
loss of the organelle'”, and this assumption is based on the assumption
that the host acquired a lot of genes by hetero-EGT in the first place.
Butifeither of these largely unquestioned assumptions were false then
the test would be meaningless.

The impact of hetero-EGT from the original mitochondrial and
plastid endosymbioses has still not been revisited systematically, but
agreatdeal of genomic data are now available from eukaryotes with a
variety of morerecentendosymbioses. Analyses of nuclear genomes of
various lineages of eukaryotes with genetically integrated secondary
and tertiary plastids have shown no evidence for an ‘excess’ of genes
fromthe plastid lineage, beyond the genes encoding proteins that still
functioninthe organelle”® ', Similarly, several claims for a footprint
ofanancientendosymbiont were re-tested directly and found tobe the
result of artefacts'®*>, None of thisis to say that a host cannot acquire
any genes from an endosymbiont, but we do lack evidence for large
numbers or high frequency.

Lastly, genomic data have recently become available from several
lineages in which the complete loss of an organelle can be demon-
strated with high confidence. Thisisaveryrare process and currently
only known in one lineage for mitochondria'®** and a handful of lineages
for plastids''®. Innone of these lineages is there strong evidence for
agenetic footprint of the now-lost organelle’**'*°, Many of these cases
are parasites with generally reduced genomes, so it might be argued
that they are poor representatives. However, complete organelle
loss in free-living species shows the same lack of a hetero-EGT foot-
print in the nuclear genomes'®, and, in other cases, genomes from
free-living species with massively functionally reduced organelles have
only a tiny number of genes for the few proteins still functioning in
the organelle™”.

The explanation for the lack of hetero-EGT is simply an extension
of why eukaryotes do not acquire excessive numbers of HGTs from
food: beyond those genes relating to organelle function, endosymbi-
onts have few genes of use to a eukaryotic host. Every independent case
of endosymbiosisis potentially different, so none of these cases argues
that acquiring a bolus of new genes by hetero-EGT from an endosym-
biontisimpossible, but they do show that, in every case that has been
examined, this is not the outcome. This has important implications.
First, we must abandon the assumption that endosymbiosis automati-
cally leads to substantial levels of hetero-EGT as our null hypothesis
wheninterpreting the evolution of agenome.Second, and by extension,
we cannot use this assumption as a test for the past possession of an
organelle: we must acknowledge that we cannot genetically distinguish
between the genome of an organism that once had an endosymbiont
or organelle and lost it, from one that never had it in the first place.

Where do endosymbiont-targeted proteins come from?
Aneven more widely held assumptionabout EGT is that all genes encod-
ing proteins that are targeted to an endosymbiont came from that
endosymbiont’s genome'®"'%, This is also very intuitive as the endo-
symbiont seems the likely source for proteins that are targeted to it.
Once again, however, recent datashow that thisis not always the case,
particularly early in the integration of an endosymbiont.

The strongest examples of EGT noted in the previous section are
all very recent transfers, which provide an unambiguous phyloge-
netic signal and occasional glimpses of informative but short-lived
intermediates. However, going further back in time, the situation
becomes murkier, partially because the noise obscuring phyloge-
netic signal increases, but also because there is growing evidence
that a lot of endosymbiont-targeted proteins did not come from the
endosymbiont. Ironically, some of the first evidence for this phenom-
enon came from examining HGT using organelle-targeted proteins,
because they had the clearest phylogenetic signals''. Large-scale stud-
ies of mitochondrial and plastid proteomes soon revealed a similar
pattern: many organellar proteins are non-alphaproteobacterial or
non-cyanobacterial”>"*>'%, However, it was the examination of some
ofthe most recently integrated endosymbionts that really led toanew
interpretation of this pattern. The rhizarian amoeba Paulinella has a
genetically integrated cyanobacteria photosymbiont (or chromato-
phore) that is distantly related to the plastid”**'”. Analysis of the host
and endosymbiont genomes and proteomes revealed host-encoded
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proteins targeted to the chromatophore, but most of these were not
related to the cyanobacterial lineage to which the chromatophore
belongs'”®2%2, A similar observation was described in insects with
obligate endosymbionts®*® and most recently in the trypanosome
Angomonas®®*; both hosts encode a small number of genes encoding
proteins targeted to their bacterial symbionts, but none of these are
derived from the same lineage of the endosymbiont®,

Indeed, classical EGT has proventobe arelatively minor factorinall
studied cases of early-stage endosymbiosis; instead, all evidence points
toamore counter-intuitive picture in which the first steps of genetically
integrated endosymbiosis do not involve acquiring genes from the
endosymbiontbut rather targeting proteins acquired from somewhere
else. These genes encoding the targeted proteins should not be con-
fused with genes arising from EGT, given that they are not gene transfers
fromthe endosymbiont; instead, they are cases of hetero-EPT (Box 2).

This is one part of an entirely new way to look at the process of
organelle genetic integration. The classical, textbook view of this
processis something similar to ‘cellular indigestion’ (Fig. 3a): one cell
eats another cell, but the former fails to digest its prey, which instead
takes up residence inside its new host, eventually transferring genes
to the host nucleus and subsequently having those proteins targeted
back in an increasingly mutualistic integration®**. Indeed, this order
of events — with the transfer of genes preceding the establishment of
a protein-targeting system — has been specifically suggested to have
led tolarge-scale hetero-EGT, asthe protein products of early transfers
could not be targeted back to their original cell®’. However, this order
of events is not consistent with early-stage protein targeting being
dominated by hetero-EPT or with the lack of evidence for large-scale
hetero-EGT, and there is also now evidence that protein-targeting
systems evolved before the endosymbiont was established. Early cases
of hetero-EPT have been described in two different plastid-acquisition
events: a tertiary plastid in dinoflagellates and a secondary plastid in
euglenophytes; more importantly, however, in both systems protein
targeting was shown to predate the current organelles™>*%,

The heterogeneity of organelle-targeted proteins, the preva-
lence of hetero-EPT in early-stage endosymbioses and the early
establishment of protein targeting all support a completely differ-
ent model for the genetic integration of organelles®**2° (Fig. 3b).
This more gradualist model begins with a long cyclic phase during
which cells engulfing prey begin to delay digestion and ‘farm’ prey.
Targeting evolves early, not as a way to move endosymbiont-derived
proteins back tothe endosymbiont but to allow the host greater control
overitsfarmed food, for instance by moderating its replication and/or
extracting nutrients more efficiently by inserting transporters into
the membranes surrounding it. Once targeting evolves, the potential
impact of HGT changes: the host can now acquire genes from any of
these temporarily enslaved and doomed cells and target their proteins
to future farmed cells (these are hetero-EPTs). At some point, after
protein targeting has been established and many genes encoding
targeted proteins have perhaps already been acquired, one of these
endosymbionts is maintained permanently instead of being digested.
This endosymbiont/organelle is already genetically integrated in the
sense that proteins are already targeted toit, but over time alarge num-
ber of its own genes can also move to the nucleus to encode proteins
targeted back to the organelle (these are EGTSs).

Alot about the concept of EGT has stood the test of time, but
current datasuggest it played its partslightly later in the geneticinte-
gration of organelles than originally thought. Before EGT could take
place, a targeting system had to have evolved, and the first proteins

targeted to the endosymbiont were derived from a mix of host, other
endosymbionts, prey or other HGTs. This model of genetic integration
also does not predict any hetero-EGT: with targeting taking place early,
thereis nomechanismto encourage hetero-EGT, and current dataseem
toshow thatit might not beimportant. This too makes sense against the
backdrop of the relatively few HGTs in eukaryotic genomesin general;
if this is because selection does not operate on this kind of variation
inmosteukaryotes, the host genome might have beeninundated with
thousands of endosymbiont genes, but it did not keep them because
they had no useful function and were not maintained by selection.
It is important to restate that each independent genetic integration
of a host-endosymbiont pair may have unfolded differently, so any
model may not explain them all equally well. Additionally, this does
not preclude the possibility that endosymbiosis led to a few useful
genesbeingacquired through hetero-EGT, justas HGT hasled to a small
number of useful acquisitionsin eukaryotes more generally. However,
current dataall supportalack oflarge-scale hetero-EGT leading to large
numbers of endosymbiont-derived proteins now unrelated to organelle
function. Instead, current data support the early establishment of a
protein-targeting system and the early importance of hetero-EPT in
the geneticintegration of organelles.

Conclusion
Itis an interesting time in our understanding of eukaryotic HGT and
endosymbiosis, with data and theory all in flux at once. In general, it
is now mostly accepted that HGT plays a part in eukaryotic genome
evolution and mediated specific adaptations in many lineages. Over-
all, however, the magnitude of HGT in eukaryotes is markedly inferior
to thatin bacteria and archaea. This might seem surprising when the
uniquely eukaryotic facilities to engulf other cells and sometimes keep
them as endosymbionts were both widely believed to increase the
likelihood of HGT. It may indeed be true that these factors do expose
the cellto more foreign DNA, but there is no sign eukaryotic genomes
have been continuously replaced or augmented by genes from food.
Evenlong-term endosymbiotic organelles have seemingly not donated
substantial numbers of genes to their hosts, beyond those required for
organelle function. To clearly see how HGT in eukaryotes differs from
thatofbacteriaand archaea, we have to step back and think about how
eukaryotic cells function at the levels of cell biology, genetics, ecology
and evolution. From this perspective, when eukaryotic cells began
eating other cells, it may have exposed them to more foreign DNA,
butitalsomadethat DNA less likely to be retained as a functional HGT,
because selectionin eukaryotes operates most effectively on kinds of
genetic variation that are not generally acquired through HGT.
Moving forward, some of the remaining gapsin our understanding
of HGT ineukaryotes will simply be filled by the ongoing and inevitable
growthingenomics: broader coverage of eukaryotic diversity coupled
with deeper coverage of more closely related species will enable quanti-
tative analysis of some basic questions, such as how muchtransfer takes
place between two eukaryotes or exactly how much variability there is
inthe effects of HGT between major lineages. Although the amount of
data from diverse eukaryotes is increasing quickly, it is worth noting
that these questions will remain out of reach if we fail to embrace the
concept of just how diverse eukaryotes really are**’. The current ten-
dencyistofavourbreadth, and with this comestheideathat one mem-
ber ofalineage sufficiently represents that whole group. However, when
agroup of protistsisitselfas diverse as all animals combined (of which
there are many), we need to stop and ask, would a single animal genome
have adequately represented all animal diversity? Similarly, major
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questions surrounding endosymbiosis and gene transfer have been
investigated by a variety of analyses on different lineages using dif-
ferent methods, which has made it difficult to meaningfully compare
data across studies. Given the massive growth in relevant data and
equally important improvements in our ability to analyse these data,
comprehensively revisiting these questionsis an obvious requirement.
Andbeyondthese data-driven pointsis the overarching need to pause
occasionally and consider whenwe need to realign our aging theoretical
models with ones that actually fit the experimental observations.
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