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THINK AGAIN
Too Much Eukaryote LGT
William F. Martin
The realization that prokaryotes naturally and frequently disperse genes
across steep taxonomic boundaries via lateral gene transfer (LGT) gave wings
to the idea that eukaryotes might do the same. Eukaryotes do acquire genes
from mitochondria and plastids and they do transfer genes during the
process of secondary endosymbiosis, the spread of plastids via eukaryotic
algal endosymbionts. From those observations it, however, does not follow
that eukaryotes transfer genes either in the same ways as prokaryotes do, or
to a quantitatively similar degree. An important illustration of the difference
is that eukaryotes do not exhibit pangenomes, though prokaryotes do.
Eukaryotes reveal no detectable cumulative effects of LGT, though prokar-
yotes do. A critical analysis suggests that something is deeply amiss with
eukaryote LGT theories.
1. Introduction

Few topics in evolutionary biology have caused as much stir in
the last 20 years as lateral gene transfer (LGT). In prokaryotes,
LGT is the normal means by which DNA is introduced into the
cell for recombination. We knew about LGT in prokaryotes long
before we had either genomes or phylogenetic trees.[1] Claims for
LGT among eukaryotes essentially did not exist before we had
genomes because, in contrast to prokaryotes, there are no
characters known among eukaryotes that require LGT in order to
explain their distribution, except perhaps the spread of plastids
via secondary symbiosis.[2] Today, claims for eukaryote LGT are
common in the literature,[3] so common that students or
nonspecialists might get the impression that there is no
difference between prokaryotic and eukaryotic genetics. The
time has come where we need to ask whether the many claims
for eukaryote LGT – prokaryote to eukaryote LGT and eukaryote
to eukaryote LGT – are true.

The reality checks are simple. If the claims are true, then we
need to see evidence in eukaryotic genomes for the cumulative
effects of LGT over time,[4] as we see with pangenomes in
prokaryotes,[5] and as we see with sequence divergence. That is,
the number of genes acquired by LGT needs to increase in
eukaryotic lineages as a function of time. We also need to see
evidence for genetic mechanisms that could spread genes across
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eukaryote species (and order, and phylum)
boundaries, as we see in prokaryotes.[6] If
we do not see the cumulative effects, and if
there are no tangible genetic mechanisms,
then we have to openly ask why, and
entertain the possibility that the claims
might not be true. Could it be that
eukaryote LGT does not really exist to
any significant extent in nature, but is an
artefact produced by genome analysis
pipelines?

Here, I explore the issue of eukaryote
LGT from two angles. I inspect estimates
for the prevalence of eukaryote LGT in
genome sequence publications and I
consider a specific example related to my
own work – eukaryotic anaerobes – to
illustrate the problem. I will argue that if
we demand evidence for cumulative
effects, we will see that many of the claims for eukaryote LGT
cannot be true, calling for more common sense, better analyses,
and additional reality checks in the eukaryote LGT arena. We
have benchmarks for comparison: we know that Darwin’s
principle of heritable variation produces lineage specific
cumulative effects in morphology, and we know for sure that
mutations produce lineage specific cumulative effects in the
form of sequence divergence. If eukaryote LGTdoes not produce
similar cumulative effects, then something is likely wrong with a
fairly large segment of evolutionary literature that is more often
the subject of topical reviews[7–11] than it is the subject of critical
inspection.
2. In the Beginning, There Was the Human
Genome. . .

Back in the old days before genomes, claims for LGT from
prokaryotes to eukaryotes were generally restricted to the
literature on endosymbiotic theory and gene acquisitions at
the origins of chloroplasts and mitochondria,[12] something that
made good biological sense, both then and now. But then came
genomes, first from prokaryotes. By the millennium, the
prevalence of LGT in prokaryotic genomes had become tangible
in data for those who had always expected it and undeniable for
those who had not. Many of the big headlines in early prokaryotic
genome papers were the massive amounts of LGT in each
genome.[13–16] Then came the human genome sequence,[17] and
among themain storylines in that milestone paper we could read
(many of us in utter disbelief): “Hundreds of human genes
appear likely to have resulted from horizontal transfer from
bacteria at some point in the vertebrate lineage.” That eyebrow-
raising bioinformatics inference did not sit well with cognizant
© 2017 Wiley Periodicals, Inc.
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Figure 1. A phylogeny of Drosophila genomes with a rough geological
timescale, redrawn from Figure 3 of Ref. [33] onto which the per genome
estimates of LGT in each genome reported in Figure 2 of Ref. [32] rounded
to the nearest 0.5%, are plotted.

www.advancedsciencenews.com www.bioessays-journal.com
evolutionary biologists, who quickly showed that differential loss
and analysis artifacts were behind the anomalous human genes,
not LGT,[18,19] as recently discussed by Salzberg.[20]

Subsequent eukaryote genome papers regularly reported the
amount or degree of LGT in each genome as a kind of standard
parameter.Many genome sequence papers laudably did not report
LGT values: they are too numerous to list here. But a number of
themdid focus onLGTtohelpbolster thenovelty uncoveredby the
new eukaryote genome sequence, often reported as part of
the abstract. Prominent examples include Trypanosoma,[21]

Entamoeba,[22] Dictyostelium,[23] Giardia,[24] Trichomonas,[25]

Meloidogyne,[26] Hydra,[27] and two algae.[28,29] In each case, the
amount of LGTclaimed was usually around 1–2% of all analyzed
genes, sometimes more, the source of LGT was almost always
bacteria. The more startling report that a tardigrade (an animal)
had about 17% LGT in its genome[3] prompted a second paper for
the same tardigrade species[30] in which several independent
animals were sequenced to sort out gut bacteria, epiphyte
contamination and the like, and that used different sequencing
methods. The second tardigrade report uncovered 40 times less
LGT, about 0.4%: most of the originally published 17% tardigrade
LGT was bacterial contamination.[30]

But even in the careful and conservative tardigrade assembly,
there still remained 0.4% of the coding sequences in the genome
that was scored as LGT.[30] The tardigrade is not alone. Other
animals and other eukaryotes are regularly reported to have
1–2% LGT in their genomes[31,32] based on what appear to be
widely accepted analytical tools. My point is this: If eukaryote
LGT is occurring in nature at a rate that leads to an LGTcontent
of 1–2% per genome,[31,32] where are the cumulative effects?
Why does it not accrue along lineages?

A recent state of the art study by Yoshida et al.[32] helps
illustrate the problem. In reporting two new tardigrade
genomes, the authors clearly showed how crucial it is to use
carefully curated data before publishing estimates for LGT,
because the raw data can lead to 10-fold higher LGT estimates.
They reported conservative estimates for LGT content in a
number of invertebrate genomes, as well as the new tardigrades,
using a method that compares BLAST values. I will not address
the details of their method here. Salzberg has already done
that.[20] I am not criticizing their paper either: it is an outstanding
paper with state of the art methods and results, and LGT is not
the mainmessage. But still, each genome investigated turned up
about 0.5% LGT, usually more – LGTs that were apparently
acquired from a donor residing phylogenetically outside the
metazoa. If we plot the per genome LGTestimates from Yoshida
et al.[32] for Drosophila onto a phylogeny of the same 12
Drosophila genomes from Hahn et al.[33] we obtain Figure 1. The
phylogeny is uncontroversial. The timescale is uncontroversial.
The amounts of LGT per eukaryote are apparently also
uncontroversial, to almost everybody except me, it seems. I
find claims of 0.5% LGT per fly genome very difficult to digest.

Why? If the individual per genome LGT estimates reported
in[32] and elsewhere[21–30] are based on a process that really
occurs in nature, common sense demands that there be
observable cumulative effects of LGT in eukaryotes. If the LGTs
are real – as opposed to being some kind of mass produced
artefact in data, analysis, or both – the LGTs need to accrue over
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time in each lineage, just like point mutations add up over time
to produce sequence divergence among genomes.

This is not my idea: Darwin said it first. Darwin explained how
natural variation acting on lineages over time generates the
accumulation of lineage specific differences. That was a very
important observation. Darwin was thinking about morphology –
lineages accruing cumulativemorphological differences over time.
Todayweknow thatDarwin’s principle alsoworkswhen it comes to
mutations accumulating in genome lineages. That is the basis of
both the modern synthesis[34] and molecular evolution.[35,36] But if
LGT is a mechanism of natural variation in eukaryotes – that is,
really occurring in nature, which its proponents (and the peer
review system) are saying – then eukaryote LGTneeds to show the
same kinds of long-term Darwinian effects as morphology and
mutation. Eukaryote LGT needs to accumulate over time, and it
needs to show cumulative effects. Are they there? Let’s look.
3. No Long-Term Effect of Eukaryote LGT

Figure 1 shows us that the amount of inferred LGTper genome
in Drosophila is independent of both time and phylogeny. Critics
will interject: “Dr. Martin, the method used to infer LGT in those
genomes will not exclude the possibility that all the LGTs are
present in the Drosophila common ancestor.” Yes, I counter, but
then there is no evidence for accrual of LGTs in 60 million years
of Drosophila evolution (the phylogeny actually samples about
300 million years of eukaryote genome evolution), is there? The
possible reasons why D. willistoni shows 1% LGT versus 0.5% in
the rest – rounded to the nearest 0.5% – are immaterial here.
Other critics will interject: “Dr. Martin, the method used to infer
LGT in those genomes will not exclude the possibility that all
those LGTs were present in the eukaryote common ancestor.”
Yes, I counter, but then they are more likely the result of
differential loss than LGT, aren’t they, and therefore have no
business being tallied as LGTs.
f 12) © 2017 Wiley Periodicals, Inc.

http://www.advancedsciencenews.com
http://www.bioessays-journal.com


www.advancedsciencenews.com www.bioessays-journal.com
But let’s give those genes the full benefit of doubt as LGTs, and
call the 0.5% values in Figure 1 real. A Drosophila genome has
about 15 000 coding sequences. At 0.5%, that means 75 LGTs per
genome. Now let’s assume that they entered the fly lineage about
70 million years ago, just before divergence. Rounded, that is a
convenient one-new-gene-via-LGT-per-million years, as a rough
and conservative estimate on the rate. Recall that if we assume
any of those acquisitions occurred during Drosophila lineage
divergence, the rate just gets higher. For comparison, an old
conservative estimate for the Escherichia coli rate was 16 kb per
million years.[37,38] “Aha” say LGTproponents, the eukaryote rate
is about 20 times lower than that of the prokaryote: everything is
fine. No, nothing is fine.

At a rate of one gene via LGT per million years, different
lineages of animals that trace to the Cambrian explosion[39]

should have acquired 700 different prokaryotic genes each.
Furthermore, different major lineages (supergroups) of eukar-
yotes are about 1.6 billion years old,[39] so each supergroup
should have accumulated 1600 different prokaryotic genes each
because the LGT mechanism should produce lineage specific
cumulative effects, just like sequence divergence does. Do we see
eukaryotes acquiring new prokaryotic genes in a lineage-specific
manner? Do we see a cumulative effect? No.[40]

The more accurate answer is “No with one big exception.”We
found no evidence for lineage specific acquisitions in eukar-
yotes[40] except at the origin of the plant lineage, where we do see
a big influx of cyanobacterial genes that corresponds to the
origins of plastids. How does one even look for cumulative
effects? First one has to know whether a gene in one lineage is
shared with a gene in another, perhaps closely related, lineage;
and one has to know that information for all genes and lineages.
For that, one has to cluster the genes, and the standard clustering
algorithm[41] does that quite efficiently. If we cluster 956 053
eukaryotic genes from 55 sequenced genomes and then cluster
them with their homologues among 6 103 025 genes from 1847
prokaryotic genomes, howmany prokaryotic genes are shared by
two eukaryotes and prokaryotes? The estimate from that genome
sample is 2585. Not 2585 per lineage, or 2585 per supergroup,
but rather 2585 in total for 55 eukaryotes. Furthermore, they
harbor no evidence for cumulative effects of lineage specific
acquisitions, except at plastid origin.[40] Moreover, the distribu-
tions and the phylogenies of those genes, which is reprinted in
Figure 2 with permission, shows upon detailed inspection that
they are not lineage specific acquisitions.[40]

Because no cumulative effects of eukaryote LGT are
observed,[4,40,42] values of the order of 0.5–2% per genome that
people have grown accustomed to from genome sequence
papers[21–32] are suspect inmy view. At one LGTper million years
or even one every 10 million years, eukaryotic supergroups
should have accumulated fundamentally different collections of
prokaryotic genes because the LGTmechanism should produce
lineage specific cumulative effects, just like sequence divergence
does and just like morphological change does – changes that
undeniably do exist.

How can it be that many reports indicate eukaryote LGT but
that there are no cumulative effects? One, perhaps the, crucial
factor is that the kinds of eukaryote LGT analyses that we see in
the genomics literature are concentric, based on all genes in one
genome. We need evolutionary information about all genes in all
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genomes. In order to obtain that, one has to cluster all genes and
make trees for all clusters from all genomes, not just BLAST,
align and make trees for all the proteins from one genome. The
clusters also need to be unique so as to avoid counting the same
prokaryotic homologues redundantly. That can amount to a lot of
work.[40,43] If the clusters are constructed or analyzed haphaz-
ardly or if they contain redundancies, the inferences drawn from
them will be erroneous.[44]

Why should I care about eukaryote LGT anyway? Is not the
practical solution to just believe what everyone else does and “get
with the programme” as a prominent eukaryote LGT proponent
recently recommended that I do (Dan Graur is my witness). At
eukaryote genome meetings, where folks pride themselves on
the amounts and kinds of LGT they are finding in a particular
eukaryote genome (not in all genomes), I feel like Winston
Smith in Orwell’s novel 1984, listening to an invented truth
recited by members of the Inner Party. My mentors taught me
that students of the natural sciences are not obliged to get with
anyone’s program, instead we are supposed to think indepen-
dently and always to critically inspect, and re-inspect, current
premises. Doing “get with the program” science in herds can
produce curious effects. For example, the well-managed
ENCODE project that ascribed a function to 80% of the human
genome was a textbook case of everyone “getting with the
program,” and everyone, however, also missing the point,
obvious to evolutionary biologists, that the headline result of
80% function cannot be true.[45] Get with the program? Get
cumulative effects. Because cumulative effects are not there, per-
genome eukaryote LGT values approaching roughly 1% cannot
be true. It is too much eukaryote LGT.
4. Case Study: Eukaryote Anaerobes and LGT
in Endosymbiotic Theory

There is also another kind of eukaryote LGTout there to discuss,
inferred from “unexpected” branching patterns in trees, the
topic of this section. Endosymbiotic theory did a good job of
explaining the origin of oxygen respiration and oxidative
phosphorylation in eukaryotic cells. Mitochondria were once
free living bacteria that brought, as endosymbionts, the whole
respiratory electron transfer chain, Krebs cycle and biosynthetic
pathways for the cofactors involved (quinones, heme and the
like) into the eukaryotic lineage. The theory also did a good job
accounting for plastids, and the same reasoning applied: the
photosynthetic electron transport chain, oxygen synthesis, and
chlorophyll entered the eukaryotic lineage via the cyanobacterial
antecedent of plastids at the origin of the plant lineage.[46]

Today’s organelle genomes are highly reduced in terms of gene
content, such that the vast majority of proteins germane to the
functions of mitochondria are encoded in the nucleus, having
been transferred during the course of evolution from the
genomes of the endosymbionts to the chromosomes of their
host.[40] When it comes to core carbon and energy metabolism in
eukaryotes, endosymbiotic theory almost covered it all. Almost?
Why “almost”?

Eukaryote anaerobes never fit into classical formulations of
endosymbiotic theory: Margulis (under her married name at the
time, Sagan) initially contended that “all eukaryotic organisms
f 12) © 2017 Wiley Periodicals, Inc.
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Figure 2. Distribution of 2585 gene families (clusters) occurring in at least two eukaryotic (top panel) and at least five prokaryotic (lower panel)
genomes, reprinted from Figure 1 in Ref. [40]. The requirement that the gene needs to be present in at least two eukaryotic genomes was introduced in
order to avoid artefacts stemming from bacterial contaminations in sequenced genomes,[40] contaminations being a very common problem in eukaryotic
genome sequence data.[30,42] Each black tick in the figure indicates gene presence, white indicates gene absence. Eukaryote supergroup assignments and
prokaryotic phyla are given at left. For full details of the figure, see Ku et al.[40] Note the presence of five gene distribution patterns that look very much as if
they should represent tip-specific acquisitions from prokaryotes, labeled with lower case a–e in the top panel. However, if the genes in those five “blocks”
are lineage specific acquisitions, they should have been acquired more recently in evolution than genes labeled in the block labeled with a capital D (right
portion of the figure), which was tested and found not to be the case.[40] Those patterns were generated by differential loss.
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contain mitochondria and are fundamentally aerobic”
(p. 228),[47] while Gray and Doolittle’s more mainstream
formulation of the endosymbiont hypothesis[48] did not mention
eukaryote anaerobes at all. There was no place for eukaryotic
anaerobes in the endosymbiont hypothesis, which is why the
discovery of hydrogenosomes in trichomonads[49] and their
subsequent characterization in ciliates[50] as well as other
eukaryotes had virtually no impact whatsoever on endosymbiotic
theory, at least initially. In the meantime, three proposals have
accrued to explain how different lineages of eukaryotes came to
possess the ability to survive without oxygen.

Early views had it that eukaryotic anaerobes represented
basal branching lineages that diverged in eukaryotic phylogeny
before the acquisition of mitochondria.[51,52] The idea that
eukaryotic anaerobes are basal was extensively tested using
phylogenetic methods, but it failed all tests.[53] The closely allied
BioEssays 2017, 1700115 1700115 (4 o
idea that eukaryotic anaerobes were phagocytosing hetero-
trophs before the origin of mitochondria has also been tested
and rejected.[54] A second proposal, the hydrogen hypothesis,
had it that the common ancestor of mitochondria and
hydrogenosomes was a facultative anaerobe that brought not
only the respiratory chain but also the enzymes germane to
anaerobic energy metabolism and redox balance into the
eukaryotic lineage.[55]

In brief, the hydrogen hypothesis proposed that the host for
the origin of mitochondria was a H2-dependent archaeon, that
the mitochondrial endosymbiont was a facultative anaerobic
proteobacterium that was able to respire like a mitochondrion
but was also able to perform H2-producing fermentations
under anaerobic conditions, like Rhodobacter or E. coli can. (As
recently pointed out in these pages, most contemporary
proteobacteria and a number of eukaryotes are facultative
f 12) © 2017 Wiley Periodicals, Inc.
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anaerobes.[56]) It was the host’s dependence upon H2 –
anaerobic syntrophy – that brought host and endosymbiont
together at the outset of the symbiotic association, a symbiosis
of prokaryotes from which eukaryotic cell complexity
emerged.[54,55,57] Its main predictions have fared well through
20 years of data: eukaryote aerobes and anaerobes should
interleave in eukaryote phylogeny,[53] eukaryotes lacking typical
mitochondria should be secondarily amitochondriate,[58,59]

eukaryotic enzymes of anaerobic energy metabolism should
trace to the eukaryote common ancestor and to a single
bacterial origin,[53,60] organelle forms intermediate between
hydrogenosomes and mitochondria should be found[61] and the
host for the origin of mitochondria should turn out to be an
archaeon[62,63]; even some of the enzymes of anaerobic energy
metabolism in hydrogenosomes are turning out to branch with
alpha proteobacterial homologues.[64]

More recently though, a third proposal based on eukaryote
LGT (we can call it “lateral late”) has become quite popular.[65–68]

Common to its various formulations is the idea that eukaryotes
were ancestrally unable to survive in anaerobic habitats and that
the ability to survive anaerobiosis entered the eukaryotic lineage
late in evolution (after diversification of the major eukaryotic
lineages) via LGT from anaerobic prokaryotes. Because the
genes for anaerobic redox balance in eukaryotes tend to reflect a
single origin, recent formulations of lateral late entail the idea
that the corresponding genes entered the eukaryotic lineage via
LGT into one member of a well-diversified eukaryotic domain,
and that the genes acquired by that eukaryote were then
subsequently passed around to other eukaryotic lineages via a
process described as eukaryote-to-eukaryote LGT, enabling gene
recipients to “rapidly adapt to anaerobiosis.”[68] Is laterally late
really supported by the data upon which it rests? Closer
inspection uncovers problems with the recourse to eukaryote
LGT as a tool to explain unexpected branching patterns in
phylogenetic trees.
Figure 3. The phylogeny of PFO and PNO genes published as Figure 4 of L
referees (see text).
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4.1. Problems With Eukaryote Anaerobe LGT

Taking a specific case, Figure 4 of Leger et al.[68] which is redrawn
here in Figure 3 solely for illustrative purposes, shows a
phylogeny for an crucial enzyme of anaerobic energy metabo-
lism in eukaryotes called pyruvate:ferredoxin oxidoreductase
(PFO),[55,69] and a fusion variant of PFO called pyruvate:NADPþ

oxidoreductase (PNO),[70] from various lineages including
archaeplastida, alveolates, and excavates, in addition to the very
interesting newly characterized anaerobes Pygsuia biforma and
Stygliella incarcerata. PFO and PNO are oxygen sensitive
enzymes that represent an alternative to pyruvate dehydrogenase
for the oxidative decarboxylation of pyruvate in mitochondria,
plastids, and the cytosol.[60] Let us assume that their interpreta-
tion is correct, namely that PFO entered the eukaryotic lineage
via lateral acquisition long after mitochondria arose and was
then distributed among diverse eukaryotic lineages via LGT.[68]

Were that true, the trees for PFO and PNO would show nested
phylogenies. How so?

Eukaryote to eukaryote LGTcreates phyletic patterns in which
the eukaryotic lineages branch in a nested manner, recipients
branching within donors. This is not just a claim, it is an
observation from established and uncontroversial cases of
phylogenies involving eukaryote-to-eukaryote gene transfer:
secondary endosymbiotic spread of plastids.[71,72] In secondary
endosymbiosis, there exist clear and well-known examples for
such nested phylogenies that are furthermore independently
corroborated by the presence of novel organelles (secondary
plastids) in the recipient lineages. For example, the symbiotic
origin of red secondary plastids generates trees in which plastid-
derived genes of diatoms branch nested within red algae,[73] and
the symbiotic origin of green secondary plastids generates trees
in which plastid-derived genes of chlorarachniophytes branch
nested within chlorophytes.[74] There are many such examples in
the literature.[71,72] Because secondary endosymbiosis also
eger et al.[68] redrawn here and included at the request of the editor and

f 12) © 2017 Wiley Periodicals, Inc.

http://www.advancedsciencenews.com
http://www.bioessays-journal.com


www.advancedsciencenews.com www.bioessays-journal.com
entails LGT from eukaryotes to eukaryotes in order to spread an
organelle with photosynthetic physiology across lineages, it
generates nested phylogenies in which recipient eukaryotic
lineages branch within the donor eukaryotic lineage. Do the
trees in Leger et al.[68] reveal nested phylogenies? No, their PFO
phylogeny has, inter alia, Trimastix in a basal position, followed
by a series of branches that harbor five highly divergent copies
of Pygsuia PFO and Pygsuia PNO (a fusion protein), four highly
divergent copies of Stygliella PFO and Stygliella PNO, five
highly divergent copies of Mastigamoeba PFO and PNO, two
highly divergent copies of Giardia PFO, two highly divergent
copies of Trichomonas PFO, all branching with homologues
from diverse clades.

The eukaryotic PFO sequences are monophyletic, which
would suggest a single origin. But there is no nesting of
eukaryotic lineages, which eukaryote-to-eukaryote LGT (lateral
late) would generate. Rather the PFO phylogeny indicates at face
value, as Stairs et al.[65] state, that “early gene duplications within
eukaryotes followed by differential loss is conceivable and would
explain the odd phylogenetic patterns observed” because several
“of the eukaryotes examined so far have retained multiple
putative ancient paralogs expected under such a scenario”
(quoted passage from[65] p. 2095, in the context of interpreting a
different gene phylogeny). The Pygsuia and Stygliella sequen-
ces[68] present the patterns expected for ancient gene duplica-
tions and differential loss that Stairs et al.[65] describe, but when
such patterns are actually observed, the same team of authors
interprets them as evidence for eukaryote-to-eukaryote LGT.[68]
4.2. Donating to the Rich

The central conceptual pillar of the LGT theory for eukaryotic
anaerobes is that lateral gene acquisition confers access to a new
ecological niche. For access to anaerobic environments, all other
genes required for anaerobic redox balance would also have to be
simultaneously acquired, because a gene for a single subunit in a
multienzyme pathway of redox balance is a useless acquisi-
tion.[75] That is why Leger et al.[68] assume the existence of a
transferred “module.” That is cumbersome, but it is not the
main problem.

The main problem concerns the five different and highly
divergent PFO copies of Pygsuia and Mastigamoeba (and four in
Stygiella, etc.). Under the interpretations of Leger et al.,[68] the
deeply divergent multiple copies of PFO in Pygsuia and Stygiella
(and Mastigamoeba and Giardia, etc.) indicate that each of those
recipient lineages underwent multiple independent LGT
acquisition from different eukaryotic donors while already in
possession of preexisting active PFO genes, because themultiple
Pygsuia (and other eukaryote) PFO copies do not branch together
as recent duplicates within the same genome.

Yet multiple independent acquisitions of the same gene
directly contradict the central pillar of the LGT theory,[65–68]

namely that eukaryotes acquired genes such as PFO in order to
survive in and/or colonize anaerobic environments. How so?
LGT for access to anaerobic environments can only be invoked to
account for the origin of the first copy. A lineage in possession of
one PFO gene can deal with anaerobiosis at the reaction
catalyzed by PFO. Adaptation or novel niche access cannot be
BioEssays 2017, 1700115 1700115 (6 o
invoked to account for the three to four additional putative LGTs
per lineage, however, because the adaptation exists and the niche
is already colonized. This simple observation in a simple gene
family tree deflates LGT theories for eukaryote anaerobe origin
that invoke fixation of acquired genes based on adaptive value.

Finally, if enzymes for anaerobic energy metabolism were
being distributed among eukaryotic lineages as a “module,” then
the question of genetic mechanisms emerges. LGT proponents
are quick to change the subject when it comes to mechanisms
and eukaryote genetics. (For gene transfers from organelles to
the nucleus, themechanism is known: it is non-homologous end
joining.[76,77]) What kind of genetics would spread the module –
which would have to consist of about a dozen or so genes at
least[60] – across eukaryotic supergroups? In prokaryotes the
situation is simple: the corresponding genes could be organized
as an operon, then copied onto a plasmid and passed around via
conjugation, like photosynthesis (ca. 100 genes) is among
members of the Roseobacter group of α-proteobacteria.[78] But
the eukaryotes studied so far (the ones from which LGT claims
stem) do not use sex pili or plasmids to distribute operons or
single genes via LGT.

In the absence of plasmids, the only other putative genetics-
based mechanism that remains is trans-supergroup hybridiza-
tion: The eukaryotes that Leger et al.[68] posit to have been
involved in gene transfers (all of the eukaryotic lineages in their
trees) could have undergone some kind of interkingdom cell
fusion or interkingdom gamete fusion followed by nuclear
fusion in order to get the chromosomes into contact so that the
module of genes for anaerobic redox balance in question could
enter the recipient lineage. Then, in order to incorporate the
genes into the genome, two possibilities can be imagined.
Perhaps illegitimate recombination via double crossover target-
ing only anaerobiosis genes could occur specifically with the
recipient genome so that only the donor anaerobiosis genes are
incorporated, the remaining 10 000 genes of the donor being
specifically degraded by a mechanism yet to be discovered.
Alternatively, perhaps the fusion was wholesale (as in interspe-
cific hybrids) such that the ensuing hybrids were facultative
anaerobes with two kinds of genomes in the nucleus, and two
very different kinds of mitochondria in the cytosol, as it occurs in
cybrids.[79,80] The “cybrid” would however have to sort itself out
each time such that, mysteriously, only the module of
anaerobiosis genes remained from the fusion, the remainder
of the genome adhering to the paradigm of vertical eukaryotic
lineage evolution as multigene studies of eukaryote evolution
indicate. Breeders would rejoice to have such tools for targeted
multi-trait transkingdom genetics at their disposal.

If transkingdom genetics between plants, animals, fungi, and
protists is really going on in nature as Leger et al.[68] suggest, why
have 100 years of plant, animal, and yeast breeding never
discovered evidence for its existence? It is either hidden
somehow from our realm of observation or it does not exist
in nature. Looking at the matter openly, the claims that
eukaryotes acquire genes from anaerobes and then inherit them
so that progeny may survive in anaerobic habitats are completely
Lamarckian in the terms of what biologists today associate with
Lamarck, regardless of whether it was Lamarck’s intent or not.[81]

To be fair, I too am saying that there are gene acquisitions in
eukaryote evolution, but I take the minimalist (in terms of
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frequency) stance on acquisition by saying that gene acquisitions
coincide with two undeniable events of acquisition – the origin of
mitochondria and chloroplasts[40] – and that Darwinian selection
operated on the natural variation introduced by those events. My
position thus contrasts sharply to the “acquire as needed” theory
of the eukaryote LGT camp in this debate.
5. Too Much Eukaryote LGT

As with the per-genome LGTestimates discussed at the outset of
this paper, the recent interpretations of Leger et al.[68] and Stairs
et al.[65–67] exemplify a popular current trend in phylogenetic
reasoning and data interpretation[3,9,82] that is far too implicit
and needs to be spelled out more clearly by its proponents.
Eukaryote LGT is never penalized: that is, LGTproponents freely
assume that it occurs wherever convenient to fit a given data
pattern. In some investigations, it might even be the first line of
explanation for unexpected branching patterns in trees rather
than the last resort. It can be assumed to occur among
eukaryotes even though no characterized genetic or molecular
mechanisms as vehicles for such peculiar inheritance are
known, and – uniquely among evolutionary mechanisms – it
need not produce cumulative effects over time.

It is apparent neither to me nor to others[20,34,83,84] why
eukaryote LGTshould be preferred over both vertical inheritance
and gene loss as the first line of interpretation for eukaryote gene
trees, while less spectacular mechanisms that conform to the
rules of eukaryote genetics such as vertical inheritance within
species, gene duplication, and differential loss are implicitly
penalized as unlikely processes. Why should gene duplication
and gene loss in addition to the ever-present existence of random
phylogenetic error be viewed as unlikely causes for unexpected
database search results or unexpected branches in trees?

Next to mutation,[35] gene duplication is probably the most
normal process known in eukaryotic genome evolution
biology,[85] and is exacerbated by the pervasive prevalence of
whole genome duplication in eukaryotic genome evolution.[86]

Differential loss, also known as reductive evolution, is one of the
most prominent underlying themes of genome evolution,
whether prokaryotic[87] or eukaryotic.[88,89]

LGT admittedly provides a much more colorful story for
unexpected branches in phylogenetic trees of eukaryotic genes
than duplication and loss.[7,82] LGT interpretations generate
interesting and unusual narratives for high visibility papers
about otherwise soberingly black and white genome data. Has a
segment of the field studying genome evolution subordinated
accurate depictions of evolutionary history to LGT sensational-
ism? Current studies among fungi examine many trees and find
many unexpected branches, which are interpreted as evidence
for widespread eukaryote LGT,[90,91] whereby, those studies take
the existence of eukaryote LGTas a given and employ parameters
to estimate its magnitude. Nearly every phylogenetic tree ever
constructed contains unexpected branches. But is every
unexpected branch in eukaryote phylogeny evidence for LGT?
That is what LGT proponents are having us believe.

I am not questioning the obvious and long-known existence of
LGT among prokaryotes,[1] nor am I questioning gene
acquisitions by eukaryotes during endosymbiosis.[40] Nor am I
BioEssays 2017, 1700115 1700115 (7 o
saying that LGT in prokaryotes is Lamarckian: LGT in
prokaryotes is natural variation upon which natural selection
may act. I am questioning the claims for LGTamong eukaryotes
based solely in BLAST searches or single gene phylogenies,
because at some point the numbers need to add up. If there is as
much LGT between eukaryotes going on in evolution as
proponents claim in their reviews,[9–11] then we need to see
cumulative effects – not cumulative effects in the literature,
cumulative effects in nature.
5.1. Looking for Cumulative Effects of Eukaryote LGT

Is anybody even looking for cumulative effects? My group has
recently looked, in two ways. First, we looked to see if there is
evidence in data from 55 sequenced eukaryotic genomes
(Figure 2) to support claims for the widespread occurrence of
eukaryote-to-eukaryote LGT.[40] We asked using straightforward
statistical methods whether eukaryote genes that have readily
detectable prokaryotic homologues and that generate trees
recovering eukaryote monophyly produce sets of eukaryotic
topologies that significantly differ from the topologies generated
by eukaryote specific genes.[40] The answer was “no”: by the
measure of phylogenetic trees, eukaryotic genes with prokaryotic
homologues are inherited just as vertically among eukaryotes as
eukaryote specific genes, patchy distributions being attributable
to differential loss, not to eukaryote-eukaryote LGT.[40]

Second, we looked to see if genome wide phylogenies provide
any evidence for recent LGT from prokaryotes to eukaryotes.[42]

Our test there was also straightforward. If eukaryotes are
acquiring genes from prokaryotes via LGT in the same manner,
at a similar rate, or to a comparable degree, as prokaryotes are
acquiring genes from other (distantly related) prokaryotes, then
eukaryote genomes should harbor evidence for recent prokary-
ote-to-eukaryote LGTs, just like prokaryotes genomes harbor
evidence for recent LGTs from different prokaryotic phyla.[42]

That is, eukaryote genomes should harbor genes that are nearly
identical in sequence to genes in prokaryotic genomes, just like
prokaryote genomes harbor genes that are nearly identical in
sequence to genes from other phyla. Do they? Again the answer
was “no”.[42] While prokaryote genomes are replete with genes
recently acquired from distant prokaryote phyla, eukaryote
genomes are devoid of such genes.[42] This indicates 1) thatmany
or most claims for prokaryote to eukaryote LGT (outside the
context of organelle origins) are just genome annotation
contaminations – or over-interpreted phylogenetic trees[92] –
and 2) that there exists a biological barrier in nature to LGT from
prokaryotes to eukaryotes.[42]
5.2. Jumping to Eukaryote LGT Conclusions

Gene duplication, genome duplication, differential loss, align-
ment errors,[36] contamination, and annotation problems[30] as
well as simple phylogenetic errors based in the non-uniformity
of the evolutionary process of sequence change across
lineages[93] explain unexpected branching patterns in trees that
are currently interpreted as eukaryote LGT. Such normal
mechanisms fit well with the view that eukaryotes generate
f 12) © 2017 Wiley Periodicals, Inc.
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and inherit new combinations of genes via standard eukaryote
genetics: meiotic recombination, gamete formation, gamete
fusion, karyogamy and gene dynamics in populations.[34] The
once-every-billion-years exception is endosymbiosis, when
cellular lineages and whole genomes merge during eukaryotic
evolution to generate organelles bounded by two or more
membranes. Endosymbiosis is rare in eukaryote evolution,[54]

but when it occurs, major transitions, gene transfer from
organelles and the origin of novel taxa at the highest levels are
the result.[4,40,72,94]

Should LGT be the new default explanation for “unexpected
branches” in eukaryotic phylogenetic trees? We can easily
remedy the “unexpected branch problem” with measures less
dire than LGT, for example, by assuming that occasional
phylogeny artefacts are a normal and unavoidable component of
phylogenetic reconstruction. Part of the problem is that trees
with unexpected branches can readily be published as evidence
for eukaryote LGT in many journals, whereas, almost nobody
has an interest in publishing a phylogeny artefact declared as
such, unless it is in the context of debunking some prominently
published LGTclaims.[92] We should also recall that the ancestors
of plastids and mitochondria were just normal prokaryotes with
normal pangenomes and that gene loss is prevalent in eukaryote
evolution.[4,38,40,42] Those two remedies alone would reclassify
almost all of the odd branches that underlie phylogeny based
claims for eukaryote LGT[7–10,31] into normal gene acquisitions
from organelles,[4,40] a known and ongoing process[94] with
known and observable mechanisms.[76,77]

The phycologist Robert E. Lee[95] summarized it well 50 years
ago when he wrote (concerning the distribution of plastids
among eukaryotes): “Any evolutionary scheme should adhere to
the following three principles. 1) A monophyletic origin of any
organism, chemical compound or cytoplasmic structure has the
greatest statistical probability of being correct. 2) The loss of a
non-essential structure can require just the mutation of a single
gene but the acquisition of a structure generally requires many
mutations and a considerable amount of time. 3) Most
organisms in evolutionary sequences would have been lost,
yet in postulating phylogenetic events the plausibility of the
theory can be enhanced by the existence of organisms similar to
those in the proposed scheme.”[95] (p. 44). Lee’s rules seemmore
important today than ever before.
6. How Did We Get Here Anyway?

Literature dealing with the possibility of eukaryote LGT traces
back more than 30 years[12,38,96], into the days before LGT was
popularized by Doolittle.[97] Many of the eukaryote LGT reports
emerged from phylogenetic pipeline analyses of genome data. I
confess that genome-scale phylogenetics pipelines came out of
my laboratory.[73] When we made hundreds and thousands of
trees to investigate the question of how many genes in plants
come from cyanobacteria, we found that about 18% of
Arabidopsis genes have readily detectable homologues in
sequenced prokaryote genomes and yeast entered the plant
lineage via the plastid.[73] But we also found many odd
phylogenies that “would suggest at face value that theArabidopsis
lineage acquired genes from all organisms sampled in this
BioEssays 2017, 1700115 1700115 (8 o
study,” whereby, we continued in the same breath that “such
interpretations can hardly be true”, inter alia, because “lateral
gene transfer between free-living prokaryotes occurs to a great
extent.”[73]

Other groups followed the mass phylogenetics approach to
analyzing genomes,[21–31] but heeded no warnings, taking the
odd trees where genes branch “unexpectedly” at face value: that
is, as evidence suited to detecting and measuring eukaryote
LGT.[21–31,65–68] There are many reasons not to interpret trees
that way.[34–36,93] I will only list three: 1) phylogenetics is much
better at testing hypotheses than at generating hypotheses out of
sequences from scratch, 2) it has always been obvious (to me
anyway) that LGT among prokaryotes figures into the inference
of eukaryote gene origin,[4,38,40,42,73,94] and 3) some small
proportion of trees will always contain odd branches but not
because of LGT. We know that single gene trees for proteins that
share a common history can differ widely,[98] not because of LGT,
but because phylogeny is an imperfect art.[36,99] If we look at
phylogenetic trees for thousands of different proteins, each tree
having hundreds of branches each, we will find many
unexpected branches. For a tree with 60 sequences there are
more than 1080 possible trees, 1080 being the number of protons
in the universe, roughly. In addition to the 57 “expected”
branches among those 1080 possible trees there are 259–61–57
(¼5.8� 1017) unexpected branches; in the search for a tree of 60
sequences, unexpected branches outnumber expected ones by a
factor of 1016. A ratio of 1 in 1016 exceeds the accuracy of today’s
best clocks, which miss one second every 30 million years. Even
if phylogeny were error-free, computers (and scientists) still have
only finite time. We should expect to find unexpected branches.
Phylogenetic pipelines were never intended for mass production
of eukaryote LGT papers, which explains why the use of single
genome phylogeny pipelines,[21–31] like single genome BLAST
comparisons,[30,32] leads to estimates of LGT that do not add up.

And what about tree-independent evidence, “loner” sequen-
ces that are present only in prokaryotes and in one eukaryote or
one tip eukaryote lineage, and that are not annotation artifacts?
Gene loss can – and will – generate such patterns. Gene loss is
very widespread in eukaryotes.[40,42,89] If a gene can be lost in one
lineage it can be lost in others, and when gene loss is at work,
the last lineage to lose the gene appears unexpectedly alone,
because “the last one out looks like an LGT,”[42] as in the case of
gene blocks a–e labeled in Figure 2.
7. What About Selection?

Harsh critics of the views expressed here (there will doubtless be
many) will complain that I am underestimating the power of
natural selection to fix rare variants created by LGT. Beyond the
issue of lacking evidence for any cumulative effects,[40,42] beyond
the issue of Lamarckian evolution of eukaryotes acquiring traits
from the environment, and couching the issue in the more
general terms of the modern synthesis,[34] where is the adaptive
value of eukaryote LGT in the bigger picture of the evolutionary
process? Where would we even look? Our focus would obviously
be on physiological traits, clearly, because prokaryotes have
nothing to offer eukaryotes in terms of genes that govern
morphology, development, or behavior.[54,100] Cytochrome bd
f 12) © 2017 Wiley Periodicals, Inc.

http://www.advancedsciencenews.com
http://www.bioessays-journal.com


www.advancedsciencenews.com www.bioessays-journal.com
terminal oxidases would be a prime target for prokaryote to
eukaryote LGT because they are common and readily transferred
among prokaryotes,[101] and because they are sulfide resis-
tant,[102] allowing use of O2 as a terminal acceptor in sulfidic
environments, which abound today and were even more
abundant in the distant eukaryotic past.[103] But eukaryotes
show no acquisitions of such selectively useful cyt bd oxidase
genes. Why not? No interest in a spectacularly useful adaptation?
Or is there really a natural barrier to LGT from prokaryotes to
eukaryotes.[42]

The endosymbiotic bacteria of insects also offer opportunity for
adaptive acquisition of traits from the environment.[104] Buchnera
aphidicola lives within a special organ of aphids, the bacteriome,
and has been vertically transmitted within the aphid lineage for
perhaps 250 million years.[105] Buchnera supplies the insect with
essential amino acids and receivesnon-essential amino acids from
the animal in return.[104] It turns out that many insects have such
endosymbionts, which typically provide amino acids, though they
sometimes provide vitamins.[106] There have even been incorpo-
rations of whole Wolbachia genomes to insect nuclear DNA,[107]

but without corresponding acquisition of bacterial traits. The
aphidgenomecuriously revealedalmostno transfers, andnone for
amino acid biosynthesis.[108] The insects have had every
opportunity over 250 million years to become prototrophic for
amino acids (capable of amino acid biosynthesis) by merely
acquiring thebacterialgenes (andviceversa).Whatahugeadaptive
advantage aminoacidprototrophywouldconfer. Itwould allow the
insects to colonize a plethora of new amino acid poor niches –
immense opportunity for speciation. The insect endosymbionts
offer a splendid opportunity for eukaryotes to acquire hugely
beneficial genes, a smorgasbord of opportunity for adaptive
evolution. The crucial point is that despite all that opportunity no
such adaptively advantageous transfer is observed.
8. Conclusion

Before the age of genomes, there were no traits in eukaryotes
that required eukaryote-to-eukaryote LGT to account for their
evolution or distribution to begin with, except secondary
plastids.[95] Nor were there traits that required prokaryote-to-
eukaryote LGT, except the origins of chloroplasts and mitochon-
dria.[46] That raises the issue of what eukaryote LGT actually
explained in the first place, beyond curious patterns of sequence
similarity fromwhich it was inferred. I am not saying that LGT to
eukaryotes never, ever, ever occurs outside the context of
symbiosis. Biology is a science of exceptions. Transposable
elements are such an exception because if they enter the
genome – by whatever mechanism, known or not – they can
multiply across chromosomes and become fixed rapidly. I am
biased regarding transposons because my PhD mentor discov-
ered transposons in prokaryotes, the IS elements of E. coli,[109]

hence I “grew up” knowing that mobile DNA can multiply,
spread and become fixed in genomes not because it is selected,
useful or neutral, but because it is genomically infectious at rates
that dwarf the standard dynamics of mutations in populations.
The promiscuity of transposable elements was evident to
conservative classical geneticists, and it was evident early on that
P-elements in Drosophila had some ability to spread.[110] Recent
BioEssays 2017, 1700115 1700115 (9 o
reports of massive transposable element spread during insect
genome evolution are hence not only completely credible,[111]

they make excellent biological sense.
The reports whose truth I am doubting here do not concern

eukaryotic LGTof transposable elements, they concern eukaryotic
LGT of normal protein coding genes. If eukaryote LGT is real as
opposed tobeing anartefact, theLGTsneed to accrue, just likepoint
mutations add up over time to generate sequence divergence
among genomes. When we look for cumulative effects of LGT in
prokaryotes, where LGT is real, we see them.[112] When we look for
pangenomes inprokaryotes, where LGT is real, we see them.[4,5,113]

Whenwe look for pangenomes in eukaryotes, cumulative effects of
LGT from prokaryotes or LGT from other eukaryotes into
eukaryotic genomes, they are not there. Transposable elements
are an exception. The idea of LGT in eukaryotes has led to
suggestions that genes are transferred between eukaryotes via
meteorites,[114] that LGT occurs via organisms touching one
another,[8] or that tardigrade genomes consist to 17% out of genes
acquired via recent LGT.[3] Far less spectacular results reporting
about 0.5% LGT for the same tardigrade[30] tendmore accurately to
reflect nature’s workings, but 0.5% is still way toomuch eukaryote
LGT.Even thehighly toutedobservationssuggestingLGTinrotifers
have found more sobering explanations,[115] while LGT claims in
schistosomes fail under critical inspection.[116] In the face of
pressure to publish evolutionary insights from genomic inves-
tigations–symptomaticallywhennoother storyline is readily found
in a given set of genomedata –have evolutionary biologists become
uncritical?We need to remain critical, perhapsmore attentive than
everbefore.TheLGTnumbers ineukaryotesdonot addup.There is
something wrong with eukaryote LGT theories.
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