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Evolution of eukaryotic species and their genomes has been traditionally understood as a vertical process in which
geneticmaterial is transmitted from parents to offspring along a lineage, and in which genetic exchange is restricted
within species boundaries. However, mounting evidence from comparative genomics indicates that this paradigm
is often violated. Horizontal gene transfer and mating between diverged lineages blur species boundaries and chal-
lenge the reconstruction of evolutionary histories of species and their genomes. Nonvertical evolution might be
more restricted in eukaryotes than in prokaryotes, yet it is not negligible and can be common in certain groups.
Recognition of such processes brings about the need to incorporate this complexity into our models, as well as to
conceptually reframe eukaryotic diversity and evolution. Here, I review the recent work from genomics studies that
supports the effects of nonvertical modes of evolution including introgression, hybridization, and horizontal gene
transfer in different eukaryotic groups. I then discuss emerging patterns and effects, illustrated by specific examples,
that support the conclusion that nonvertical processes are often at the root of important evolutionary transitions
and adaptations. I will argue that a paradigm shift is needed to naturally accommodate nonvertical processes in
eukaryotic evolution.
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Introduction

Reticulated evolution—also known as network evo-
lution or nonvertical inheritance—refers to the total
or partial merging of genetic material between two
diverged lineages, leading to evolutionary histories
that are better depicted by a phylogenetic network
than by a steadily bifurcating tree.1 Such processes
have long been acknowledged as an important fac-
tor in the evolution of prokaryotes, where hori-
zontal gene transfer (HGT)—also known as lateral
gene transfer—has been shown to be rampant and
is considered a major force that shapes genomes,
to the point that the concept of a tree of life for
prokaryotes has been challenged.2 HGT refers to
the transfer of material between different lineages

without specifying what possible mechanisms may
underlie the transfer. Generally, mechanisms other
than sexual reproduction are considered for HGT,
while transfer of genetic material between different
species through sexual reproduction is considered
within the framework of interspecies hybridization
(see below). Many knownmechanisms can result in
HGT, including bacterial conjugation, but also the
transmission of geneticmaterial via viruses or direct
uptake of genetic material from the environment
and subsequent integration in the genome. These
processes have been well documented in bacteria.
In eukaryotes, processes of HGT have been gener-
ally considered to be oddities, that is, only of rel-
evance to few major events such as the transfer of
genes from organelles or endosymbionts to certain
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taxons, such as phagotrophic microbes.3 Similarly,
hybridization and genetic introgression, the latter
being the result of reproduction among divergent
lineages, have been long acknowledged in plants
and animals but were considered to be anecdotal,
only occurring within a short range of evolution-
ary distances. Hybridization in particular was con-
sidered to lead to evolutionary dead ends, given
the inability of most hybrids to undergo sexual
reproduction.4
Recent genomic research, however, has brought

reticular evolution to the forefront of eukaryotic
genome evolution. Focused studies have shown that
reticulated processes can occur between eukary-
otic lineages with varying degrees of divergence
and reproductive isolation, and that they can be
mediated by a variety of mechanisms, ranging from
virus- or symbiont-mediated transference of genetic
material to the fusion of nuclei from different
species. In addition, depending on the mechanism,
nonvertical inheritance can involve small fractions
of the genome, such as in the HGT of single genes,
or larger regions, including complete chromoso-
mal sets, such as in interspecies hybridization. Both
HGT and interspecies hybridization are considered
potential sources for the acquisition of “transgres-
sive” phenotypic traits in a lineage, and for the ori-
gin of new species.5–7 Finally, reticulated evolution
can have not only notable ecological and evolution-
ary consequences for the species involved but also a
significant effect on genome evolution.
Importantly, processes of nonvertical evolution

can be the source of incongruence among phylo-
genetic trees constructed from different genes in
a genome. HGT of genes can cross large phyloge-
netic boundaries, which results in clear-cut phy-
logenetic incongruence between gene trees and
species trees, so that sequences from unrelated
species appear close. By contrast, hybridization
affects closely related species, with the viability of
hybrids diminishing dramatically with phylogenetic
distance. As a result, hybridization can also result
in phylogenetic incongruence, which is generally
limited to closely related lineages but can affect
a larger fraction of the genome. Because patterns
of nonvertical evolution leave a footprint in the
form of phylogenetic incongruence, phylogenetic
approaches can be used to uncover past reticulation
events that are otherwise difficult to detect. How-
ever, the inference of past reticulated events through

phylogenetic approaches is not simple, as phylo-
genetic incongruence can also arise from analyt-
ical factors.8 As a consequence, phylogenetic evi-
dence supporting nonvertical evolution in eukary-
otes has been the focus of criticism,9 despite the
same approach being trusted for the detection of
reticulated patterns among bacteria.
In recent years, accumulating evidence from

genomic and phylogenomic studies has facili-
tated the recognition that HGT and interspecies
hybridization are more widespread and have more
complex consequences in eukaryotes than previ-
ously anticipated. In addition, while historical stud-
ies on reticulated evolution in eukaryotes have
focused on phenotypic or ecological consequences
in a few model plant and animal organisms, recent
advances in genomic technologies have allowed
tracing of the effects at the genomic level on virtu-
ally any organism of interest. Similarly, an emerg-
ing generation of phylogenetic analysis tools are
being developed that allow going beyond bifurcat-
ing evolutionary histories by accounting for nonver-
tical inheritance and network-like structures.10,11
Despite recent progress, however, we still have a
very limited understanding of the overall effects of
reticulated evolution across eukaryotes. The emerg-
ing picture is complex and fragmented, and there
is a need to assess global patterns that shed light
on what factors modulate nonvertical inheritance
across the diversity of eukaryotes. In the discus-
sion below, I survey emerging trends and impacts of
nonvertical evolution across eukaryotes and discuss
current challenges and opportunities.

Phylogenetic incongruence in eukaryotes

Evidence of nonvertical evolution in prokaryotes
is often derived from the observation of phyloge-
netic incongruence, in which the evolutionary sig-
nal of a given gene is largely dissimilar to that
of most genes of the same species, so that HGT
between different organisms is the most plausible
explanation of the incongruence.12 The plausibil-
ity of HGT events in prokaryotes has been a natu-
ral notion for a long time, given that specific mech-
anisms driving the acquisition of foreign DNA,
such as transformation or conjugation, were known
for this group of organisms.12 Phylogenetic incon-
gruence in gene trees of eukaryotic species was
also recognized early on,13 and it has been fur-
ther encountered when a certain number of gene
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trees was compared.14–18 Traditionally, as processes
of nonvertical evolution were not naturally consid-
ered for eukaryotes, incongruences were generally
attributed to analytical factors, such as the lack of
sufficient phylogenetic signal or the effect of analyt-
ical artifacts. Many analytical factors can generate
errors in a phylogenetic reconstruction. These gen-
erally involve underlying causes emerging from the
data, such as biases in sequence composition, unbal-
anced divergence rates, or insufficient phylogenetic
signal mostly affecting short ancient internodes and
short sequences.19 In addition, several data acqui-
sition strategies can be a source of phylogenetic
incongruence. For instance, incomplete or uncu-
rated database annotations can lead to incorrect
inference of gene absence, or blast cutoffs can enrich
for sampling of divergent sequences. The considera-
tion that analytical factors, including noisy and poor
signal, were the main source of phylogenetic incon-
gruence sustained efforts directed to maximize the
signal by combining genes and to resolve unique,
fully bifurcating, species trees.17,20
As genome sequencing technology progressed

and data sets of relatively closely related species
became available, it was evident that analytical fac-
tors could not be the sole source of phylogenetic
incongruence. Closely related species that have sim-
ilar lifestyles and biology are likely to have sim-
ilar evolutionary rates, and with fully sequenced
genomes one should expect to find sufficiently
“well-behaved” sequences. In addition, the use of
synteny conservation analysis served to either dis-
card or confirm possible sequence contamination
by, for example, inspecting the assembly context
of incongruent genes, assessing the congruence
in the phylogenetic signal of neighboring genes,
and detecting breakpoints consistent with inser-
tion by, or association with, transposable elements.
Yet, some internodes of the eukaryotic species trees
seemed to present robust tree incongruence. For
instance, the branching patterns of human, chim-
panzee, and gorilla were later shown to be vari-
able across genomic regions.21 Such incongruences
were attributed to incomplete lineage sorting (ILS),
a process by which alleles present in an ances-
tral species population are assorted differentially
in two consecutive speciations (Fig. 1), leading
to genome segments that are more closely related
between two more distant species (i.e., human and
gorilla) than a closer species pair (i.e., human

Figure 1. Vertical evolutionary processes leading to gene tree
incongruence. Incomplete lineage sorting (top) and duplica-
tion followed by differential gene loss (bottom) are vertical evo-
lutionary processes that can result in topologies that are incon-
gruent with the underlying species tree. In incomplete lineage
sorting (top), two consecutive speciation events lead to differ-
ent assortment of alleles present in a population (small col-
ored circles) that can be fixed differentially in the three result-
ing lineages (top left). As a result, some gene trees (top right)
will result in closer relationships for the two most distant lin-
eages of the trio, simply reflecting the histories of the alleles
that were fixed in each lineage. In duplication followed by dif-
ferential gene loss (bottom), an ancestor carries two paralogs
resulting from a gene duplication; in subsequent speciations,
different paralogs are lost in the different lineages (bottom left),
resulting in gene tree topologies that are incongruent with the
species tree (bottom right).

and chimp). ILS results in predictable patterns of
gene tree incongruence.22 For the relative speci-
ation of three lineages, ILS is expected to result
in one dominant topology and two minor alter-
natives present in similar proportions: 50%, 25%,
and 25% being the expected proportions of the
dominant and the two minor topologies in the
most extreme case. Subsequent gene loss can, of
course, alter these relative proportions, but this
expectation serves as a test for the likelihood of
ILS, comparedwith other potential processes. Other
purely vertical evolutionary processes that result
in tree incongruence include duplication followed
by differential gene loss (Fig. 1), which can lead
to the well-known phylogenetic artifact of hid-
den paralogy.23 Both ILS and hidden paralogy are
the result of vertical processes of evolution; in
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Figure 2. Reticulated patterns. Different processes can result in reticulated patterns of evolution. The left panel shows an ide-
alized, fully bifurcating species tree representing the evolutionary relationships among species A to I. Three types of events are
marked with circles, ellipses, and arrows: (1) an HGT event from species A to H; (2) a hybridation event between species D and F,
originating the hybrid species E; and (3) a hybridization between species H and I resulting in introgression from species H into
the genome of species I. The central panels shows gene phylogenies presenting incongruences or altered branch patterns result-
ing from these events: (1) a gene from species H clusters with homologs from the phylogenetically distant species A and B; (2)
conflicting patterns found among gene trees in D and E form a clade to the exclusion of F; in others E and F form a clade to the
exclusion of D; and (3) genes from the introgressed regions in species I show shorter distances with homologs of species H (right),
as compared with nonintrogressed regions (left). The right panel shows a reticulated tree for the same species, here including
information on the past reticulation events.

principle, given sufficient genetic information, they
could theoretically be overcome by sufficient gene
and taxon sampling in a gene concatenation
approach, resulting in a single bifurcating species
phylogeny. In the face of disturbing gene incon-
gruence, the assumption of analytical or vertical-
evolutionary causes seemed satisfactory, and the
quest for phylogenetic relationships among eukary-
otes kept an idealized, fully bifurcating tree as a
paradigm.Aswewill see, nonvertical processes have
emerged as plausible and as a common source of
tree incongruence at a growing number of eukary-
otic clades. Different processes of nonvertical evolu-
tion leave different footprints in terms of incongru-
ence among species trees and gene trees that can be
detected in phylogenetic analysis (Fig. 2). Although
the type and extent of nonvertical processes seem to
differ among eukaryotic clades, the emerging pic-
ture is that these processes appear throughout the
entire eukaryotic tree of life.

HGT in eukaryotes: a taboo no more

Traditionally, HGT has been considered extremely
rare in eukaryotes, limited to only a few microbial

taxa with particular characteristics such as bearing
endosymbionts or phagocitizing other microbes.24
The study of HGT in eukaryotes went through a
dark phase after initial claims of the presence of
bacterial-derived genes in the human genome were
proven to be an artifact.25 This early error cast a
shadow of skepticism and even criticism of subse-
quent attempts to identify HGT in eukaryotes, lead-
ing the issue to be considered almost taboo.9,26,27
As a result, over a long period the search for HGT
events was not considered among standard analyses
of newly sequenced genomes. This unfortunately
limited comprehension of evolutionary processes in
eukaryotes for too long, as the assumption of fully
vertical evolution was nearly always applied when
interpreting genomic differences.
In recent years, however, the number of

described HGT events involving eukaryotes has
increased exponentially, suggesting that HGT is
more widespread in eukaryotes than previously
anticipated.3 HGT has been observed in groups
previously thought to be refractory to the acquisi-
tion of foreign genes. For instance, fungi possess a
thick cell wall, are osmotrophs, and lack the ability
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to phagocitize, but all analyzed fungal genomes
contain horizontally acquired genes, even from
very distantly related organisms such as bacteria.28
Similarly, there is accumulating evidence that HGT
can occur in multicellular organisms, including
plants and animals.12,29 A growing number of
surveys report events of HGT in eukaryotes, but
these are limited to a few clades and use different
methodologies, which makes it difficult to deduce
global patterns. In addition, a great diversity of
microbial eukaryotes remains poorly explored in
this respect. It is not currently well understood, for
example, what traits may be related to an increased
propensity for HGT in certain groups of eukaryotes
or what functional classes of genes are more prone
to be mobile in different eukaryotic clades. For
instance, current hypotheses posit that both lowly
expressed genes and enzymes having a function
in the periphery of metabolism are more prone
to HGT in prokaryotes.30,31 Such hypotheses have
been tested using empirical data in prokaryotes;
but studies on eukaryotes are much more limited,
and sufficient evidence is lacking on whether addi-
tional patterns operate in eukaryotes. Although a
complete understanding of how HGT specifically
affects the major eukaryotic groups has not been
achieved, some patterns can be discerned from a
growing body of studies. An obvious factor influ-
encing the difficulty for a lineage to stably integrate
foreign DNA is whether somatic and germ lines
are separated, as occurs in multicellular lineages of
eukaryotes. The following two sections summarize
recent findings regarding the occurrence of HGT
in multicellular and unicellular eukaryotes.

HGT in multicellular organisms: rare but a
potential source of disruptive phenotypes

To be permanently incorporated into a lineage, hor-
izontally transferred genes need to be incorporated
into the germline. In multicellular organisms there
is generally strong separation of somatic tissue and
the germ line, which undoubtedly poses a signifi-
cant barrier to HGT. This reasoning has served as
the basis to neglect any type of HGT in eukaryotic
groups such as animals and plants. One might ask,
however, whether such barriers are fully impene-
trable or whether, under certain circumstances, the
germ line can be exposed to even a small chance
of acquiring a foreign gene. The study of evolu-
tion has shown that the probability of an event is

only one of the factors in the interplay of chance
and necessity that governs the emergence of new
traits.32 Extant organisms are rippled with exam-
ples of improbable events that eventually were sub-
sequently selected and fixed. Although still a lim-
ited set, careful analyses have uncovered several
clear-cut cases of HGT of functional genes in ani-
mals and plants (Fig. 3). One of the best studied
is the transfer of genes from endosymbionts of the
genus Wolbachia to their multicellular hosts. Wol-
bachia sp. are intracellular bacteria that are ver-
tically transmitted in arthropods, where they can
manipulate host reproduction. In addition, other
species of Wolbachia are obligate symbionts of sev-
eral filarial nematode species. Several genome anal-
yses have revealed instances where large sections
of the Wolbachia genome have been transferred to
the host chromosomes;33 however, most cases of
large-scale transfers are recent, and most genes are
thought to be inactive and in the process of pseu-
dogeneization. With time, some genes may become
fully integrated and functional, as it is the case in
some well-studied cases.34 Other cases of HGT in
multicellular organisms include, among others, the
acquisition of fungal carotenoid pigment pathways
in aphids35 and spider mites,36 and the acquisition
of bacterial genes in mealybug,37 plants,38 bdelloid
rotifers,39 and nematodes.40 Most of these exam-
ples comprise transference from microorganisms
to multicellular organisms, which probably reflects
the fact that multicellular organisms are constantly
exposed to microbial organisms that function as
parasites or endosymbionts (as in the case of Wol-
bachia) or are part of the multicellular organism’s
natural microbiota; however, this fact can also be
concerning because it represents a challenge for
identifying bona fide HGT, as traces of contami-
nant sequences are common in large-scale sequenc-
ing projects.41
There are also some noteworthy examples of

horizontal transfer of genetic material between
multicellular organisms, the majority of which
includes virus-mediated transference of mobile ele-
ments or transfer of organelle genomes.12,42,43 The
flowering plant Amborella trichopoda has acquired
several mitochondrial genes from other plants,44
and sea lampreys and sturgeons—the former
known to feed on the latter—share a transposable
element.45 There are other clear-cut examples of
gene transfer from multicellular organisms to other
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Figure 3. HGT in multicellular eukaryotes. Examples of multicellular eukaryotes (animals and plants) in which HGTs have
been robustly identified (these are mentioned in the main text). Depicted are black bean aphids Aphis fabae (picture by Gas-
par Alves), unidentified bdelloid rotifer (picture by Bob Blaylock), the mealybug Planococcus citri (picture by Jeffrey W. Lotz),
Amborella trichopoda (picture by Scott Zona), red spider mite Tetranychus urticae (Charles Lam), the moss Physcomitrella patens
(Hermann Schachner), the grass Alloteropsis cimicina (J.M. Garg), the fern Polypodium vulgare (André Karwath), and the mouth
of a lamprey Petromyzon marinus (public domain). All pictures were taken from wikimedia commons and are shared under the
Creative Commons Attribution-Share Alike 3.0 license (https://creativecommons.org/licenses/by/3.0/), the GNU Free Documen-
tation License, version 1.2 (https://commons.wikimedia.org/wiki/Commons:GNU_Free_Documentation_License,_version_1.2),
or the public domain (CC0).

multicellular organisms, including parasitic plants
that acquired genes from their hosts or genes
that were likely shared among plant parasites
that alternate hosts.46 Additionally, HGT has
facilitated switches to C4 photosynthesis in
Alloteropsis grassess47 and adaptation to low
light conditions in ferns.48 Other examples
include possible ancient transfers, such as the
actinoporin gene (Cjtox I) present in mosses,

proposed to be the result of HGT from aquatic
animals before the adaptation of mosses to
land.49
The above studies show that the barriers to

gene transfer in multicellular eukaryotes are not
unbreakable, and that, even if rare, the acquisition
of foreign genes can have a significant impact on
the adaptation to new niches. Given the widespread
resistance to the idea of HGT in multicellular
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organisms, the reported cases may represent the tip
of the iceberg. Although incomplete, the emerg-
ing picture serves to identify some trends, such as
the larger representation of metabolic genes among
transferred genes. In addition, some of the obser-
vations seem to be in line with the earlier pro-
posed “weak link”model,50 which states that unicel-
lular stages and early developmental stages are the
key entry points for HGT. This model makes sev-
eral testable predictions: (1) multicellular eukary-
otes with fully exposed zygotes, spores, or early
developmental stages are more prone to HGT than
are other multicellular eukaryotes; (2) multicellular
eukaryotes with external fertilization will be more
exposed to HGT than those with internal modes of
fertilization; (3) eukaryotes with asexual modes of
reproduction will be more prone to HGT; and (4)
stable association with symbionts or pathogens will
facilitate HGT among these organisms.

HGT in unicellular eukaryotes: anything
goes?

The majority of eukaryotic diversity is found
among unicellular organisms, and most eukaryotic
supergroups derive from unicellular lineages; for
the remaining supergroups, unicellular organisms
constitute a majority of the lineages. It thus seems
reasonable to consider typical eukaryotic features
as naturally following on the consideration of the
diversity of unicellular lineages. However, in the
case ofHGT, observations frommulticellular organ-
isms have often dominated the conceptual realm
of what is to be expected from a typical eukaryote;
thus, even among unicellular eukaryotes, it was
long understood that they only rarely undergo
HGT. On the one hand, unicellular and multicel-
lular eukaryotes may share barriers to HGT, such
as the confinement of DNA within a nucleus or a
complex gene regulatory system; on the other hand,
given their lack of separation of germ and somatic
lines, unicellular eukaryotes are more exposed to
HGT than multicellular organisms. Early ideas,
such as the “you are what you eat” hypothesis,
suggested that phagotrophic eukaryotes inevitably
accumulate genes acquired from their bacterial
prey.24 Although initially formulated to explain
the presence of nuclear genes of bacterial descent
(other than for the mitochondrion in early eukary-
otes), this idea was extended to extant phagotrophic
microorganisms, as the same ratchet process would

be expected to occur. As genomic sequences of
microbial eukaryotes began to accumulate, how-
ever, the evidence for widespread and nonnegligible
occurrence of HGT inmicrobial eukaryotes became
overwhelmingly strong.3,12,29,51 Examples of HGT
in unicellular eukaryotes are many and range from
the acquisition of bacterial enzymes for degrading
complex carbohydrates by rumen ciliates,52 to
the acquisition of fungal genes related to plant
pathogenesis in filamentous oomycetes,53 to the
acquisition of bacterial and archaeal genes in the
red alga Galdieria that facilitated its adaptation
to extreme environment,54 to the acquisition of
gene clusters for synthesizing alkaloids toxic to
insects in plant-associated fungi.55 The list could be
extended to include hundreds of robustly supported
examples from every main lineage that has been
carefully inspected. These HGT events often relate
to the acquisition of important functions related to
the physiology or ecology of the recipient lineage.
Fungi are a particularly illustrating example. This
group of unicellular eukaryotes has relatively broad
taxonomic representation and several well-sampled
groups that allow accurate phylogenetic reconstruc-
tion and detection of phylogenetic incongruence;
in addition, most genomes of fungal species have
been obtained from axenic cultures, minimizing
the risk of contaminating sequences. These factors
provide a relatively firm founding onwhich tomake
claims about the existence of HGT. As mentioned
above, fungi might be expected to be particularly
refractory to HGT, as their cells are surrounded by
a thick cell wall and lack phagotrophic capabilities.
However, studies have shown that HGT is common
within fungi, with clear-cut cases found in almost
every genome that has been inspected.28,56–58
The above examples are among the current evi-

dence indicating that HGT in microbial eukary-
otic lineages is common and often underlies the
acquisition of important traits and adaptation. The
evolutionary distances involved in these transfers
can be large, even involving interdomain trans-
fers (though concluding this may rely on ascertain-
ment bias, as transfers between related organisms
are more difficult to detect and establish robustly).
Although no broad systematic study has been per-
formed, an overview of the published literature
and of a few large-scale studies suggests a pre-
dominance of metabolic genes among those trans-
ferred, with some surprising examples of enzymatic
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Figure 4. Hybridization at different genetic distances and their possible genomic outcomes. Left panel represents the three pos-
sible hybrid zones, as described in Ref. 60. The square indicates a space of connectivity (x-axis, the amount of gene flow) and
genetic relatedness (y-axis, genetic divergence) between putative lineages. Three different hybrid zones (1, 2, and 3) and a species
zone are represented. The species zone corresponds to an area of low genetic divergence and high gene flow between populations.
The hybrid zone 1 is defined in an area where either gene flow or genetic relatedness is beyond the boundaries that usually define
a species, so that those populations rarely cross and often present some genetic incompatibilities. Hybrid zone 2 corresponds
to hybrids between lineages that abruptly separated relatively recently, so that genetic divergence is still low, but the absence of
gene flow between the lineages may have resulted in the appearance of incompatibilities. Hybrid zone 3 defines hybrids between
very divergent lineages. The right panel depicts typical genomic evolution of the different types of hybrids. Here, the x-axis rep-
resents time (i.e., the amount of generations after the hybridization) and the y-axis indicates genetic divergence. For simplicity,
chromosomes of diploid hybrids with only two homologous chromosomes are represented (center). Hybrids of zone 1 and 2 have
initially low sequence divergence (bottom). Given the high gene flow between hybridizing lineages and the ability to backcross
with the parentals, hybrids of zone 1 generally result in introgressed genomic regions that are reduced as time progresses. Intro-
gressed regions comprising genes that confer a selective advantage are selectively retained. Given the lack of backcrossing, hybrids
of zone 2 evolve as a new lineage and genomes are shaped by chromosomal recombination, leading to the loss of heterozygosity.
Hybrids of zone 2 present high divergence among homologous chromosomes from the start (top); they can either evolve through
recombination and loss of heterozygosity or, in some circumstances, undergo WGD.

functions having been recurrently transferred in
multiple lineages independently.59 Thus, similar to
what has been found in prokaryotes, gene trans-
fers in eukaryotes seem to support the complex-
ity hypothesis, which posits that new members can
be added more easily to the boundaries of existing
interaction networks.31

Hybridization and introgression at close
evolutionary distance: the norm rather
than the exception?

Hybridization between different species can be con-
sidered a form of massive HGT, and yet some
authors treat it as indistinct from HGT. However,
since it involves a specific mechanism (i.e., cell
fusion and combination of two complete genomes)
and has a number of known particularities, I will
here treat hybridization separately, restricting HGT
to the transfer of genes by means other than
mating mechanisms. According to the degree of

divergence and the amount of gene flow between
the parental species, I have previously defined
three types of hybrid genetic zones60 that may
lead to different outcomes (see Fig. 4 for details).
At short evolutionary distances, hybridization fol-
lowed by backcrossing with the parental lineages
(i.e., introgression) is a common mechanism that
drives genetic exchange between related incipi-
ent species.61 Although the process was known
from the study of genetic markers, access to com-
plete genome sequences from closely related species
has revealed a broader picture, and instances of
genomic introgression have been found in many
lineages. In vertebrates, for almost every group
that has been carefully inspected, and those for
which sufficient genomic sampling exists, evi-
dence of relatively recent introgression events has
been found. This includes cases, for example, in
felids, bears, fishes, and birds.62–65 In humans,
access to ancient genomes from Neanderthals and
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Denisovans has provided evidence that ancient
hybridization resulted in introgressed regions in
different populations of modern humans, some of
whichmight be related to certain adaptive traits.66,67
Of note, that this became evident only after access
to ancient genomes of extinct hominid lineages
suggests that such past hybridization events likely
remain invisible for most organisms. A study of
a more recent introgression in house mice (Mus
musculus) provides a compelling example of how
hybridization, followed by backcrossing and selec-
tion, can result in introgressed regions with adap-
tative value in the recipient population.68 In this
case, recent hybridization with the Algerian mouse
(Mus spretus)—estimated to have occurred 20–
30 years ago—led to the introgression of a genomic
region carrying an allele of the vitamin K epox-
ide reductase complex, subunit 1 gene (Vkorc1),
which confers resistance to warfarin, an anticoag-
ulant drug used as a rodenticide. Interestingly, this
gene acquired important changes in the Algerian
mouse as an adaptation to a vitamin K–deficient
diet; in other words, warfarin resistance was a
pleiotropic effect that acquired adaptive value in
the recipient species. This example highlights how
fast hybridization can result in specific introgressed
regions when they include a gene with a selective
advantage. It also shows that the selective advan-
tage of the introgressed gene(s)might be different in
donor and recipient species. Comparative genomics
research in plants has also underscored the rele-
vance of introgression in adaptive processes.69 In
microbial eukaryotes, the lack of sufficient sam-
pling of genomes for closely related species hampers
the detection of introgression. Again, fungi stand
out as an exception, with multiple clades of closely
related species having been sequenced,70 revealing
that introgression is common in fungi and that, con-
trary to plants and animals, is not limited to closely
related species.71,72
These processes of genetic admixture blur the

phylogenetic signal of fast speciation events that
occur in the presence of gene flow, resulting in
apparent shorter phylogenetic distances between
species, as well as greater heterogeneity in diver-
gence times between genes. An important extrapo-
lation from this observation is that similar processes
in the past may have also affected ancient specia-
tions, which now represent relatively deep nodes in
a species phylogeny. It is currently unknown towhat

extent this has happened andwhat could be the con-
tribution to current phylogenetic conflict between
gene and species trees in eukaryotes. As discussed
earlier, such incongruences have been historically
attributed to phylogenetic noise or other processes,
such as differential gene duplication and either loss
or ILS. The above observations suggest that gene
flux between closely related lineages is likely the
norm rather than the exception, and that we need to
incorporate this in our interpretation of past events.
Finally, it is unclear what role hybridization may

have in spreading previously acquired genes across
a given clade. The mode of HGT in eukaryotes
remains controversial, and it is unclear whether
transferred genes are acquired individually or are
the consequence of past introgression events. Such a
process, for instance, may explain intriguing obser-
vations of large clusters of transferred genes56 and
of the apparent recursive transfers of the same
genes among relatively distant lineages.28,59 Indeed,
in a comprehensive phylogenetic analysis of trans-
ferred d-amino acid metabolism genes, at least one
well-supported nested transfer event was detected
involving, first, a transfer from bacteria to fungi and
then a subsequent transfer between two distantly
related fungal genera.59 In this regard, given the
possibility of nested transfers and that some inter-
mediate organisms are extinct or not sampled, one
must always consider reconstructed scenarios with
caution.

Hybridization between diverged lineages:
some can really do it

The above examples refer to hybridization between
closely related lineages (i.e., those that entail close
relatives), including lineages at the incipient stages
of speciation, in which geographical or behavioral
barriers moved in and out before robust genetic
barriers were established to prevent successful mat-
ing between them (Fig. 4). But how far can inter-
species hybridization go? Is there a limit to genetic
divergence that prevents the formation of chimeric
organisms? These questions necessarily have mul-
tiple answers, depending on the specific eukaryotic
group of focus. Hybrids of mammalian organisms
are generally only formed between closely related
species typically belonging to the same genus,
whereas plants hybridization can occur between
somewhat more distant species, sometimes involv-
ing different related genera.73 Although species
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and genus levels refer to different levels of genetic
divergence in different clades, most described
hybridizations in multicellular organisms involve
parental lineages with less than 1–3% average
sequence divergence at the nucleotide level. In
microbial eukaryotes, however, hybridization can
sometimes involve truly highly diverged lineages.
In yeasts, for example, natural hybrids between
yeast species that are more than 25% divergent at
the nucleotide level have been found, and artifi-
cial hybrids have also been successfully formed in
a laboratory setting between species of two dis-
tantly related lineages within the Ascomycota, Sac-
charomyces and Schizosaccharomyces.71 Although
researchers are far from understanding all con-
straints that act on hybrid formation, differences
between groups of eukaryotes reflect underlying
differences in barriers to hybridization. For inter-
species hybrids to occur, individuals from the differ-
ent species must meet, reproduce, and form viable
zygotes that result in individuals sufficiently fit to
their environment and that survive and success-
fully compete with nonhybrid individuals. Impor-
tantly, for a new hybrid lineage to persist it must be
able to reproduce. Differences in dispersion ability,
reproductive modes, and genomic plasticity, among
others, will influence the ability of different groups
to form successful hybrids; take mammals, which
must necessarily reproduce sexually in each gener-
ation to leave progeny. This imposes the need for
a new chimeric chromosomal set to successfully
undergo meiosis, otherwise, the hybrid would be
sterile. In lineages that can reproduce asexually, this
constraint is relaxed, and hybrids can form popula-
tions that reproduce clonally.
The formation of hybrids between divergent

organisms has many implications that relate, in the
first place, to how such chimeric organisms can
survive and, second, to how they evolve subse-
quently. Hybrids have two divergent sets of chromo-
somes within a single nucleus, and most theoretical
frameworks, such as the Bateson, Dobzhansky, and
Muller model,74–76 would predict that such extreme
chimerism will result in numerous incompatibil-
ities at the genetic, transcriptomic, or proteomic
level. These incompatibilities are expected because
combinations of alleles that have evolved indepen-
dently in different populations (here species) are
expected to be less fit than combinations of alleles
in the same population, simply because the later are

not exposed to the filter of selection. As a result,
mutations that tend to result in a loss of heterozy-
gosity will be favored by selection. In this regard,
hybrid genomes would be quickly shaped by many
processes that ultimately lead to the overall reduc-
tion of both heterozygosity and stabilization of the
genome. These include, among others, gene conver-
sion, gene loss, the duplication or the loss of entire
chromosomes or large chromosomal regions lead-
ing to chromosomal aneuploidies, or even whole
genome duplication (WGD; discussed in more
detail below).
At the transcriptome level, hybridization results

in “genomic shock,”77 involving massive disregu-
lation of genes. The effects of hybridization at the
transcriptional level have been the focus of intense
research in plants and animals, with most stud-
ies supporting the existence of large transcriptional
shocks.78–81 The study of such process in micro-
bial eukaryotes lags behind, but the few reports in
fungi suggest a much lower effect. For instance, the
impact at the transcriptional level of a hybridiza-
tion between Saccharomyces cerevisiae and Saccha-
romyces uvarum results in a limited number of sig-
nificantly altered genes (1–2%), five-fold smaller
than the transcriptional changes resulting from a
thermal shock.82 Although preliminary, such results
may suggest that transcriptional incompatibilities
between divergent species in yeasts (and perhaps
othermicrobial eukaryotes)might be comparatively
smaller than in multicellular organisms. Addition-
ally, the view of genomic shocks in multicellu-
lar animals might be biased from observations
made in model species. Overall, the implications of
hybridization at the genetic, physiological, and evo-
lutionary levels, and how they vary across different
eukaryotic groups, are still poorly understood.
The genomic aftermath of hybridization is sig-

naled by a change in chromosome number (ploidy).
This form ofWGD is referred to as allopolyploidiza-
tion, in contrast to autopolyploidization in which the
replication of the genetic material is not followed by
cell division.83 If the genomes of the two hybridiz-
ing lineages are sufficiently divergent, imperfect
pairing of chromosomes may result in the inability
to undergo meiosis. Proper pairing of chromo-
somes can be restored upon further doubling of
the genetic complement: polyploid with respect to
the two haploid genomes that form the zygote but
behaving as a pseudohaploid genome, as it cannot

87Ann. N.Y. Acad. Sci. 1476 (2020) 78–92 © 2020 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Nonvertical evolution in eukaryotes Gabaldón

reduce ploidy through meiosis. This process, com-
mon among plant hybrids,84,85 has been proposed as
the mechanism leading to yeast WGD.86 Although
it remains unclear whether other WGDs result
from hybridization, processes of allopolyploidiza-
tion better explain the origin of a new lineage
sexually isolated from the parental populations
and having unique traits. Autopolyploidization, by
contrast, implies scenarios where the initial selec-
tive advantage is conferred solely by a change in
ploidy. Thus, I argue that hybridization is likely to
be the most common process underlying the origin
of WGDs.

An emerging paradigm

The above sections provide an overview of the
growing body of evidence for the existence of a sig-
nificant impact of nonvertical evolution in eukary-
otes (Fig. 3). As previous views gradually disappear,
more and more genomic studies will undertake the
search for footprints of past HGT or hybridization.
So far, the emerging picture is already revealing.
Far from being an anecdotal process, the evi-

dence for a widespread role of reticulated pro-
cesses in eukaryotes is now difficult to question.
Although not as common as in prokaryotes, HGT
has been found in everymajor eukaryotic group that
has been carefully investigated, with some groups
of microbial eukaryotes showing a relatively high
propensity to exchange genes. The literature now
contains many examples showing not only trans-
fer genes across distant lineages and even across
different domains but also that transferred genes
played essential roles in the acquisition of ecologi-
cally relevant traits or of the ability to colonize new
niches. HGT in multicellular eukaryotes is rarer
though nonnegligible, with some multicellular lin-
eages showing a surprisingly high history of acquir-
ing alien genes. The examples show that, among
multicellular organisms too, transferred genes seem
to have provided important selective advantages to
the recipient species. Overall, the picture remains
opaque of the impact of HGT across eukaryotic
lineages and how variability of HGT relates to
differences in physiological barriers or ecologi-
cal constraints across the different taxa. Moreover,
although the complexity hypothesis seems to hold
for eukaryotes,3 and metabolic genes are more sub-
jected toHGT,28,58 little is known about the idiosyn-
crasies of HGT in eukaryotes: it is easy to detect

when occurring across large genetic distances, yet
such occurrences may be under-representative of
how widespread it is. Although a strong method-
ological framework is lacking to robustly infer the
occurrence ofHGTbetween closely related lineages,
increased taxonomic sampling of genomic datasets
and algorithmic developments are likely to pro-
vide better solutions in the near future. Other open
issues include the difficulty of inferring the direc-
tionality of the transfer event, that is, identifying
donor from recipient. Although several phyloge-
netic approaches have been developed to infer this
from gene tree topologies,59,87 unspoken assump-
tions, such as transfer goes from small to large
organism, still dominate interpretations. Finally, as
illustrated by the case of gene transfer from Wol-
bachia endosymbionts to their hosts, transfer of sin-
gle genes may have initiated from transfer of larger
genomic regions; and yet the process of gene accli-
mation following the transfer remains little under-
stood.
Regarding hybridization, the emerging picture

is that genetic flux between incipient species may
be the rule rather than the exception. This pro-
cess may underlie a large part of the pervasive
incongruence among gene trees that have long been
noted. Vertical and nonvertical sources of phyloge-
netic incongruence are expected to result in differ-
ent genome-wide patterns, and thus, at least theo-
retically, it should be possible to distinguish themby
careful analyses. Again, increased taxonomic sam-
pling and novel algorithmic solutions are likely to
help improve the awareness of the differential pat-
terns and impacts of hybridization across differ-
ent eukaryotic lineages. Hybridization occurs along
a continuous gradient of genetic divergence, with
outcomes varying according to different factors.
Hybridization at close distances is usually followed
by backcrossing with one (or two) of the parental
lineages, diluting the chimeric nature of the hybrid
lineages and resulting in genetic introgression. At
larger distances, the hybrids might be sexually iso-
lated, and a new lineage can be established only
if nonsexual reproduction is a possibility. In some
cases, these hybrids might undergo WGD, restore
fertility, and thus settle a new lineage capable of sex-
ual reproduction. The study of the factors that influ-
ence one or the other outcome, or how they vary
across lineages, is still in its infancy. Similarly, lit-
tle is known about the genomic, transcriptomic, and
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ecological aftermath of hybridization, beyond a few
well-studied groups.
That nonvertical processes of evolution are

widespread and common across the entirety
of eukaryotic diversity, I argue, should bring
fundamental shifts to some current paradigms
of eukaryotic evolution. First, nonvertical evo-
lution should have important consequences on
how adaptive processes in eukaryotic species are
understood. In classical frameworks, populations
are depicted as “navigating” genotypic and fitness
landscapes, with driving forces being only vertical
processes of inheritance, mutation, and selection.
Nonvertical evolution, by contrast, introduces the
possibility of more radical, nongradual changes
in genotypes, resulting in large jumps at both the
genotypic and fitness landscapes. For this rea-
son, the role of nonvertical processes of evolution
should be particularly scrutinized in the context of
radical adaptation or when innovations appear in a
relatively short evolutionary time.
Another area of reconsideration is the concept

of species. Although there are clear boundaries
between lineages, these do not always correspond
to previously defined species; moreover, the bound-
aries should not be assumed to be impenetrable.
Species complexes—comprising species with dif-
ferent degrees of introgression among them—and
their hybrids are increasingly being recognized, best
represented by reticulate trees. At a general level, the
idea that blurred boundaries exist between species,
particularly in microbial lineages but also in multi-
cellular ones, should become less foreign. Gene flow
between species, particularly closely related ones,
should always be considered a possibility. Acqui-
sition of genes from distantly related organisms
should also be considered a possible scenario, and
never assumed to be impossible. Whereas caution
should always be taken and possible artifacts dis-
carded, we should openly look at the possibilities
with as much awareness as possible of negative pre-
conceptions.
Finally, the interpretation of how species trees

and gene trees relate to each other should be
reframed. The classical paradigm of vertical-only
evolution and fully bifurcating species trees has
been dominant in conceptual interpretation of how
eukaryotic species evolve and adapt. In most cases,
the alternative hypothesis that reticulation could
have affected the observed patterns is not con-

sidered. I argue that this has severely limited the
advancement of the field. Indeed, controversies
regarding nodes in the eukaryotic tree of life may
reflect underlying processes of deep reticulation.
Recognizing this may be difficult, but it may also
be eye-opening and pave the way for reconstruct-
ing more realistic scenarios of how ancient lineages
originated and diverged.
The problem is not limited to whether the ide-

alized fully bifurcating nature of a species tree is
right or wrong. I would argue that in many cases a
fully bifurcating tree is a reasonably good approxi-
mation of how eukaryotic species diverged fromone
another, despite an underlying diversity of gene evo-
lutionary histories. A more important consequence
of the vertical-only paradigm extends to the realm
of understanding how species have shaped their
genetic constituents and adapted to different niches,
even in scenarios where the reconstruction of fully-
bifurcating trees is not problematic. Imposing the
strong assumption that only vertical processes are
in place will, I believe, slow down reconstruction
of ancestral genomes and how they evolved. How-
ever, embracing nonvertical processes in models of
eukaryotic evolution is not a simple task. For this
to happen, a first step is to study these processes
thoroughly, to know their real extent, and to clarify
their patterns and effects across diverse eukaryotic
lineages.
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