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INTRODUCTION

All living beings can be assigned to one of the three domains of life (Woese et al., 1990;
Williams et al., 2013), all of which are monophyletic (Doolittle, 2014). Two prokaryotic domains,
Archaea and Bacteria, are characterized by the lack of intercellular compartments (Martin, 1999;
Mclnerney et al., 2014), whereas eukaryotes, characterized by the complexity of cellular structures
and life cycle, originated via symbiogenesis of an archaeal host and a bacterial endosymbiont
i.e. proto-mitochondrion (Mereschkowsky, 1905; Zimorski et al., 2014; Mufioz-Gémez et al,
2017; Roger et al., 2017). With millions of described species (Costello et al., 2013; Adl et al,
2019), eukaryotes are morphologically the most diverse of the three groups bearing symbiogenesis
as the hallmark of their evolutionary origin (Wallin, 1927; Margulis, 1991). Symbiogenesis has
always been a common phenomenon in the eukaryotic evolution (McFadden, 2001; Nowack and
Melkonian, 2010; Bonfante and Desiro, 2017). Nevertheless, there are still many unanswered
questions regarding the prokaryotes that participated in eukaryogenesis. The true evolutionary
position of eukaryotes is hence the subject of continuing debates and it has still not been
widely agreed if eukaryotes represent a separate domain (Williams et al., 2013; Doolittle, 2020).
Alphaproteobacteria is known to be the ancestor of mitochondria (Roger et al., 2017). However,
our understanding of the archaeal lineage that gave rise to the eukaryotic nuclear genome is
still insufficient. Asgard archaea, which were recently identified based on metagenome-assembled
sequences (Spang et al., 2015; Seitz et al., 2016; Zaremba-Niedzwiedzka et al., 2017; MacLeod
etal., 2019), possess eukaryotic signature proteins (ESPs) involved in cytoskeleton regulation (Akil
and Robinson, 2018; Akil et al., 2019), and are being cultivated now (Imachi et al., 2020). The
first photographed member of Asgard is known under the name “Candidatus Prometheoarchaeum
syntrophicum,” and it does not exhibit eukaryotic features (such as the presence of mitochondrion,
nucleus, endoplasmic reticulum, or sexual reproduction), but rather exhibits typical prokaryotic
features, such as small size, spherical (coccoid) body, and lack of organelles (Imachi et al., 2020).
Recently, Fournier and Poole (2018) presented a taxonomic view in which Asgard represented the
main eukaryotic ancestor (parent) and were, along with eukaryotes, united into a “monophyletic”
group named Eukaryomorpha. The aim of this opinion manuscript is to debate this newly
introduced term. We briefly review the meaning of the terms “monophyletic” and “polyphyletic,”
and we draw attention to the bacterial contribution to eukaryogenesis.

PARAPHYLETIC MEANS MONOPHYLETIC

Evolutionary biologists use the term “monophyly” in various ways (see e.g., Envall, 2008), just
as Hennig (1950, 1966), the creator of the term, originally did, which has hitherto ensued
a lot of confusion (Envall, 2008). In this opinion, we use the term “monophyletic” only for
groups with a single definable ancestor, meaning that paraphyletic groups are also considered
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as monophyletic. Each taxonomic group can be characterized
by either having a shared (single) ancestor—“monophyletic
group” or having numerous ancestors—“polyphyletic group”
(Hennig, 1950, 1966). Polyphyletic groups are not taxonomically
desirable, and traditionally, characters shared by members of
such a group represent homoplasies (analogies), i.e., traits that
evolved independently in similar environments on account of
similar selective advantages (Wake et al., 2011). A historical
error occurred when Hennig (1950, 1966) defined two groups,
monophyletic and paraphyletic, based on the inclusion of all
descendants of a given ancestor. If all the descendants of a
given ancestor belonged to one group, it was regarded as a
monophyletic group, and if this was not the case, it was regarded
as a paraphyletic group (Hennig, 1950, 1966). Missing from such
definition was the distinction between a group with a single
ancestor and a group that includes all the descendants of an
ancestor, which were both defined as monophyletic by Hennig
(1950, 1966). Ashlock (1971, 1972, 1974, 1979) noticed the
erratum and introduced the term “holophyletic group,” referring
to a monophyletic group that includes all the descendants of an
ancestor. Therefore, a “paraphyletic group” is a monophyletic
one that does not include all the descendants of an ancestor
(Figures 1A-C).

Well-known examples of holophyletic groups are mammals
(descendants of Therapsida), snakes (descendants of earless
and legless lizards), birds (descendants of Dinosauria), modern
amphibians, tetrapods (land vertebrates, descendants of fish),
jawed vertebrates, bilaterians (bilaterally symmetric animals),
animals, and eukaryotes (Pough et al, 1999; Nielsen, 2012;
Doolittle, 2014). Examples of paraphyletic groups are reptiles
or amniotes (whose descendants are mammals and birds),
amphibians (a group including Lissamphibia and extinct
amphibians whose descendants are reptiles), sarcopterygians
(whose descendants are tetrapods), fish (Pisces) (as they
include all vertebrates excluding those inhabiting land), jawless
fish (lampreys, hagfish, and extinct groups related to them,
whose descendants are also jawed fish), bryophytes in wider
sense (as land plants are their descendants), streptophytes
(stonewort and relatives, if plants are excluded), archaeplastids
(as secondary plastids of SAR and euglenoids are not considered
to be archaeplastid members anymore), cyanobacteria (because
plastids are regarded as organelles, not cyanobacteria anymore),
prokaryotes (because eukaryotes are excluded), Archaea (because
the nucleus is not regarded to be an archeon anymore),
and Bacteria (because mitochondria are not regarded as
Alphaproteobacteria anymore; Pough et al., 1999; Nielsen, 2012;
Doolittle, 2014).

If we ignore the presence of mitochondria and existence
of lateral gene transfer from bacteria to the eukaryotic host,
the origin of the eukaryotic nucleus could be compared to the
origin of mammals and birds within amniotes, as described in
Fournier and Poole (2018). However, the origin of eukaryotes
is not comparable to the origin of these groups, and the
bacterial contribution to eukaryogenesis should not be neglected.
Eukaryotes are of polyphyletic origin, as their ancestor, LECA,
sits on both branches of life—the archaeal (Asgard) and the
bacterial branch (Alphaproteobacteria).

POLYPHYLETIC, RETICULATED EVENTS
IN EVOLUTION

Well-established examples of natural polyphyletic events include
lateral gene transfer (LGT) in prokaryotes (Nelson-Sathi et al.,
2015), symbiogenesis in prokaryotes and eukaryotes (biofilms,
endosymbiosis, ectosymbiosis, etc.; e.g., Vogels et al., 1980; Lopez
et al., 2010; Naumann et al., 2010), and sexual reproduction in
eukaryotes (Speijer et al., 2015). Genes can also be of polyphyletic
origin; those genes are known as chimeric genes (e.g., Méheust
et al,, 2018). Polyphyletic origin is an evolutionary event in
which two lineages (individuals, populations, or species) merge
into a single, “chimeric” lineage. A lineage of polyphyletic origin
should not be united with any of its ancestors in an attempt to
form a higher monophyletic group, as it will not result in such.
Even though eukaryotes are a monophyletic and holophyletic
group by definition, they are of polyphyletic origin because of
the very nature of their ancestor’s, LECAs origin. Today, the
polyphyletic origin of eukaryotes is a well-supported scientific
theory. Eukaryotic (syn)apomorphies are the traits of eukaryotic
complexity: nuclei, mitochondria, Golgi apparatus, endoplasmic
reticulum, and sexual reproduction (Koonin, 2010; Koumandou
et al., 2013; Garg and Martin, 2016; Doolittle, 2020).

Eukaryogenesis is not a unique example of polyphyletic origin
of a monophyletic group. Other such events are widely dispersed
in the tree of life. Known examples are hybrid species, which
originated via hybridization of two species, usually (but not
always) from the same genus (Seehausen, 2004; Grant and
Grant, 2008; Meier et al., 2017). Homo sapiens is an example
of such species. It is a hybrid between H. heidelbergensis,
H. neanderthalensis, and Denisovians (Sankararaman et al,
2016). The Jutland bow-winged grasshopper (Chorthippus
jutlandica) is a unique species which originated from the
hybridization of C. brunneus and C. biguttulus in Denmark
(Gottsberger, 2007). Domestic wheat is a hybrid between species
belonging to the genera Triticum and Aegilops (Ozkan et al,
2001). There are even examples of one of the ancestral species
being extinct, but its mitochondrial genome still being present,
which is called a ghost lineage (Recuero et al., 2014). There is no
example of a natural monophyletic group that could be composed
of any of the aforementioned species and one of its parents, as is
the case with Eukaryotes, Asgard, and Eukaryomorpha.

Lichens not only gave rise to the concept of symbiosis (de Bary,
1879), but they are also the classical example of organisms that
originated by symbiogenesis (Lutzoni and Miadlikowska, 2009).
Lichen species are composed of mycobionts (Ascomycota and/or
Basidiomycota) and photobionts (Chlorophyta or Cyanobacteria;
Lutzoni and Miadlikowska, 2009; Spribille et al., 2016; Tuovinen
et al.,, 2019). Symbiosis is species-specific (Lindsay, 1856), co-
dependent, and the symbionts usually cannot survive outside
the lichen. Lichens are an example of a polyphyletic group
with multiple polyphyletic origins. Relatives of lichen-forming
green algae (symbiont lineages) should not be designated
as “Lichenomorpha,” even though they represent one of the
constituent evolutionary lineages that gave rise to lichens.
Cyanobacteria should not be designated as “Plastidomorpha,”
despite the fact that this group contains the ancestors of plastids.
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Apomorphic characters/states Monophyletic groups
@@ synapomorphic holophyletic
O® plesiomorphic paraphyletic

0 Bacteria Eukarya Archaea

FIGURE 1 | (A-C) Schematic overview of apomorphic characters and states. Synapomorphy is shared by all the members of a group descending from a single
ancestor. Plesiomorphy is ancestral and as such not present in all the members of a group. Monophyletic groups are characterized by apomorphies: synapomorphies
in holophyletic or plesiomorphies in paraphyletic groups. Topology of the cladograms shown in (A-C) is the same, but the distributions of characters and their states
are different. Case (A) shows a paraphyletic group from which a holophyletic descendant is excluded. Case (B) shows a paraphyletic group with two holophyletic
(Continued)
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FIGURE 1 | descendants excluded. Case (C) shows two paraphyletic groups and a holophyletic group. (D) Schematic representation of the evolution of life from its
last common ancestor (LUCA), which gave rise to Bacteria and Archaea [the diversity is simplified, and descendants of archeal trichotomy represent Euryarchaeota,
TACK+Asgard (Asgard is sister to LECA)]. LECA is the last eukaryotic common ancestor, which originated via a polyphyletic event: symbiogenesis of an archaeon (A)
which gave rise to nuclei, and Bacteria (B), specifically Alphaproteobacteria, which gave rise to mitochondria. Cyanobacteria (C) are a group of bacteria from which
the primary plastid (D) originated. The dotted lines represent groups with uncertain positions within Eukaryotes.

The case of Archaeplastida (primary photosynthetic eukaryotes)
is an interesting one and should be addressed in a separate essay.
The supergroup originated via plastidogenesis, an anastomosis
between cyanobacteria and eukaryotes; and has since contributed
to many anastomoses (secondary endosymbioses) in the
eukaryotic tree (McFadden, 2001). The origin of the plastid
may be comparable to the origin of mitochondria, however
probably only to a certain extent, because of the complexity of
the archaeplastidian eukaryotic parent.

BACTERIAL CONTRIBUTION TO
EUKARYOGENESIS SHOULD NOT BE
NEGLECTED

Bacteria (mainly Alphaproteobacteria, but others as well) are
as important as Archaea in eukaryogenesis. Mitochondria are
of alphaproteobacterial origin, nuclei of chimeric (archaeal and
bacterial), and plastids of cyanobacterial origin. The strongest
signals in eukaryotic genomes are, indeed, proteobacterial,
archaeal, and cyanobacterial (Pisani et al., 2007; Ku et al., 2015).
Because of the combination of archaeal and bacterial features
exhibited by eukaryotes, they should not be assigned to a higher
taxon along with any of their ancestors.

Eukaryotes exhibit a unique mixture of prokaryotic features,
most of which can be traced back to either Archaea or
Bacteria. Unlike prokaryotes, eukaryotes do not exchange genes
via LGT, but by sexual reproduction (Ku et al, 2015). An
archaeon is known to have been the host of the eukaryote-
forming endosymbiosis, contributing genetic machinery and
ribosomal DNA (Esser et al., 2004; Thiergart et al., 2012; Gould
et al, 2016). There is an interesting hypothesis stating that
eukaryotic membranes originated from bacterial vesicle secretion
(Gould et al.,, 2016). The genes encoded in the nucleus are as
bacterial as they are archaeal. A larger part of the eukaryotic
genome has bacterial homologs (Esser et al., 2004; Brueckner
and Martin, 2020) that most likely originated from the EGT
(endosymbiotic gene transfer) with the proto-mitochondrion
ancestor (Brueckner and Martin, 2020), whereas archaeal genes
are less numerous in eukaryotic genome, but also important
(Pisani et al., 2007; Brueckner and Martin, 2020). The origin
of mitochondrion was a prerequisite for the existence of
sexual reproduction and meiosis. These processes required large
amounts of energy (ATP), and no known prokaryotic cell is able
to produce such amount of ATP (Garg and Martin, 2016). Some
authors still dispute the uniqueness of eukaryogenesis and the
importance of mitochondria in the definition of eukaryotes (e.g.,
Booth and Doolittle, 2015; Lynch and Marinov, 2016).

We think that the bacterial contribution to eukaryogenesis
should not be neglected in view of the facts that: (1)

mitochondria, whose presence is a eukaryotic synapomorphy,
represents the true descendant of Alphaproteobacteria, (2) most
of the eukaryotic nuclear DNA originated via gene transfer
from bacteria, and (3) all eukaryotic membranes may be of
bacterial origin.

CONCLUDING THOUGHTS

Because of the polyphyletic origin of the eukaryotic
monophylum, eukaryogenesis within prokaryotes is not
comparable with mammal origin within paraphyletic

reptiles. Both synapomorphies and plesiomorphies represent
apomorphies and are indeed suitable for defining monophyletic
(holophyletic and paraphyletic) groups. Alphaproteobacteria
(Bacteria) and Asgard (Archaea) are the ancestors of LECA (the
Last Eukaryotic Common Ancestor). The presence of ESPs in
Asgard does not dispute the polyphyletic origin of eukaryotes; it
only further corroborates it. “Candidatus Prometheoarchaeum
syntrophicum” is the closest relative to eukaryotes and the only
Asgard with available microscopy data. This newly discovered
species has a prokaryotic cell organization and does not exhibit
features of eukaryotic complexity (nucleus, mitochondrion,
meiotic cycle), and thus, it does not belong to Eukaryomorpha.

Along with Cyanobacteria, non-photosynthetic eukaryotes
are the ancestors of the primary photosynthetic eukaryotes
(archaeplastidians). Non-photosynthetic eukaryotes are not the
ancestors of plastids, hence LECA is not the only ancestor of
the extant eukaryotic diversity. Eukaryotes are monophyletic
by definition, as they have a single ancestor, LECA. They are
also holophyletic as all LECAs descendants belong to the same
group. They are polyphyletic as well since they exhibit numerous
symbioses and anastomoses in the tree of life.

Symbiogenesis will always be one of the major forces driving
eukaryotic evolution. A group of polyphyletic origin, such as
eukaryotes, should not be assigned to a higher taxon that contains
its single parent, as is the case with Eukaryomorpha.

AUTHOR CONTRIBUTIONS

JS contributed to conceptualization, investigation, data curation,
writing (original draft), and visualization. DF was responsible
for the validation, resources, writing (review and editing), and
supervision. All authors contributed to the article and approved
the submitted version.

FUNDING

This paper was funded by Volkswagen Stiftung Grant (grant
number 93 046) to William F. Martin.

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1380


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Skejo and Franjevi¢

Polyphyletic Nature of the Eukaryotes

ACKNOWLEDGMENTS

Thanks to Sriram Garg for bringing our attention to
Eukaryomorpha as a category. We are thankful to

REFERENCES

Adl, S. M., Bass, D., Lane, C. E., Lukes, J., Schoch, C. L., Smirnov, A, et al. (2019).
Revisions to the classification, nomenclature, and diversity of eukaryotes. J.
Eukaryot. Microbiol. 66, 4-119. doi: 10.1111/jeu.12691

AKkil, C., and Robinson, R. C. (2018). Genomes of Asgard archaea encode profilins
that regulate actin. Nature 562, 439-443. doi: 10.1038/541586-018-0548-6

Akil, C,, Tran, L. T., Orhant-Prioux, M., Baskaran, Y., Manser, E., Blanchoin, L.,
et al. (2019). Complex eukaryotic-like actin regulation systems from Asgard
archaea. bioRxiv [Preprint]. 768580. doi: 10.1101/768580

Ashlock, P. D. (1971). Monophyly and associated terms. Syst. Zool. 20, 63-69.
doi: 10.2307/2412223

Ashlock, P. D. (1972).
doi: 10.2307/2412435

Ashlock, P. D. (1974). The uses of cladistics. Annu. Rev. Ecol. Evol. S 5, 81-89.
doi: 10.1146/annurev.es.05.110174.000501

Ashlock, P. D. (1979). An evolutionary systematist’s view of classification. Syst.
Zool. 28, 441-450. doi: 10.2307/2412559

Bonfante, P., and Desiro, A. (2017). Who lives in a fungus? The diversity, origins
and functions of fungal endobacteria living in Mucoromycota. ISME J. 11:1727.
doi: 10.1038/isme;j.2017.21

Booth, A., and Doolittle, W. F. (2015). Eukaryogenesis, how special really?. Proc.
Natl. Acad. Sci. U.S.A. 112, 10278-10285. doi: 10.1073/pnas.1421376112

Brueckner, J., and Martin, W. F. (2020). Bacterial genes outnumber
archaeal genes in eukaryotic genomes. Genome Biol. Evol. 12, 282-292.
doi: 10.1093/gbe/evaa047

Costello, M., May, R., and Stork, N. (2013). Can we name Earth’s species before
they go extinct? Science 339, 413-416. doi: 10.1126/science.1230318

de Bary, A. (1879). Die Erscheinung der Symbiose. Strassburg: Verlag von Karl
J. Trubner.

Doolittle, W. F. (2014). How natural a kind is “eukaryote?”. Cold Spring Harbor
Perspect. Biol. 6:a015974. doi: 10.1101/cshperspect.a015974

Doolittle, W. F. (2020). Evolution: two domains of life or three?. Curr. Biol. 30,
R177-R179. doi: 10.1016/j.cub.2020.01.010

Envall, M. (2008). On the difference between mono-, holo-, and paraphyletic
groups: a consistent distinction of process and pattern. Biol. J. Linn. Soc. 94,
217-220. doi: 10.1111/j.1095-8312.2008.00984.x

Esser, C., Ahmadinejad, N., Wiegand, C., Rotte, C., Sebastiani, F., Gelius-
Dietrich, G., et al. (2004). A genome phylogeny for mitochondria among «-
proteobacteria and a predominantly eubacterial ancestry of yeast nuclear genes.
Mol. Biol. Evol. 21, 1643-1660. doi: 10.1093/molbev/msh160

Fournier, G. P., and Poole, A. M. (2018). A briefly argued case that
Asgard archaea are part of the eukaryote tree. Front. Microbiol. 9:1896.
doi: 10.3389/fmicb.2018.01896

Garg, S., and Martin, W. F. (2016). Mitochondria, the cell cycle, and the origin
of sex via a syncytial eukaryote common ancestor. Genome Biol. Evol. 8,
1950-1970. doi: 10.1093/gbe/evw136

Gottsberger, B. (2007). Interspecific Hybridization Between the Grasshoppers
Chorthippus biguttulus and Chorthippus Brunneus (Acrididae; Gomphocerinae)
(PhD thesis). Friedrich-Alexander-Universitit Erlangen-Niirnberg.

Gould, S. B, Garg, S. G., and Martin, W. F. (2016). Bacterial vesicle secretion
and the evolutionary origin of the eukaryotic endomembrane system. Trends
Microbiol. 24, 525-534. doi: 10.1016/j.tim.2016.03.005

Grant, P. R,, and Grant, B. R. (2008). How and why Species Multiply: The Radiation
of Darwin’s Finches. New Jersey, NJ: Princeton University Press.

Hennig, W. (1950). Grundziige Einer Theorie der Phylogenetischen Systematik.
Berlin: Deutcher Zentralverlag.

Hennig, W. (1966). Phylogenetic Systematics. Urbana: University of Illinois Press.

Imachi, H., Nobu, M. K, Nakahara, N., Morono, Y. Ogawara,
M., Takaki, Y. et al. (2020). Isolation of an archaeon at the

Monophyly again. Syst. Zool. 21, 430-438.

William Martin and Sven Gould for their comments
and critiques which improved the quality of this
manuscript. We also thank Dora Papkovi¢ for proofreading
the manuscript.

prokaryote-eukaryote interface. Nature 577, 519-525. doi: 10.1038/541586-019-
1916-6

Koonin, E. V. (2010). The origin and early evolution of eukaryotes in the light of
phylogenomics. Genome Biol. 11:209. doi: 10.1186/gb-2010-11-5-209

Koumandou, V. L., Wickstead, B., Ginger, M. L., Van Der Giezen, M., Dacks, J.
B., and Field, M. C. (2013). Molecular paleontology and complexity in the
last eukaryotic common ancestor. Crit. Rev. Biochem. Mol. Biol. 48, 373-396.
doi: 10.3109/10409238.2013.821444

Ku, C., Nelson-Sathi, S., Roettger, M., Sousa, F. L., Lockhart, P. J., Bryant, D., et al.
(2015). Endosymbiotic origin and differential loss of eukaryotic genes. Nature
524, 427-432. doi: 10.1038/nature14963

Lindsay, W. L. (1856). A Popular History of British Lichens, Comprising an Account
of Their Structure, Reproduction, Uses, Distribution, and Classification. London:
Lovell Reeve and Co.

Lopez, D., Vlamakis, H., and Kolter, R. (2010). Biofilms. Cold. Spring. Harb.
Perspect. Biol. 2:a000398. doi: 10.1101/cshperspect.a000398

Lutzoni, F., and Miadlikowska, J. (2009). Lichens. Curr. Biol. 19, R502-R503.
doi: 10.1016/j.cub.2009.04.034

Lynch, M., and Marinov, G. K. (2016). Reply to Lane and Martin: Mitochondria
do not boost the bioenergetic capacity of eukaryotic cells. Proc. Natl. Acad. Sci.
U.S.A. 113, E667-E668. doi: 10.1073/pnas.1523394113

MacLeod, F., Kindler, G. S., Wong, H. L., Chen, R., and Burns, B. P. (2019).
Asgard archaea: Diversity, function, and evolutionary implications in a
range of microbiomes. AIMS Microbiol. 5, 48-61. doi: 10.3934/microbiol.
2019.1.48

Margulis, L. (1991). Symbiosis as a Source of Evolutionary Innovation. Speciation
and Morphogenesis. Cambridge MIT Press.

Martin, W. F. (1999). A briefly argued case that mitochondria and plastids are
descendants of endosymbionts, but that the nuclear compartment is not. Proc.
R. Soc. B. 266, 1387-1395. doi: 10.1098/rspb.1999.0792

McFadden, G. I. (2001). Primary and secondary endosymbiosis and the origin of
plastids. J. Phycol. 37, 951-959. doi: 10.1046/j.1529-8817.2001.01126.x

Mclnerney, J. O., O’Connell, M., and Pisani, D. (2014). The hybrid nature of
the eukaryota and a consilient view of life on Earth. Nat. Rev. Microbiol. 12,
449-455. doi: 10.1038/nrmicro3271

Méheust, R., Watson, A. K., Lapointe, F.-J., Papke, R. T., Lopez, P., and Bapteste,
E. (2018). Hundreds of novel composite genes and chimeric genes with
bacterial origins contributed to haloarchaeal evolution. Genom. Biol. 19:75.
doi: 10.1186/s13059-018-1454-9

Meier, J. I, Marques, D. A., Mwaiko, S., Wagner, C. E., Excoffier, L., and Seehausen,
O. (2017). Ancient hybridization fuels rapid cichlid fish adaptive radiations.
Nature Comm. 8:14363. doi: 10.1038/ncomms14363

Mereschkowsky, C. (1905). Uber natur und ursprung der chromatophoren im
pflanzenreiche. Biol. Centralbl. 25, 593-604. doi: 10.1017/50967026299002231

Muinoz-Gémez, S. A., Wideman, J. G., Roger, A. J., and Slamovits, C. H. (2017).
The origin of mitochondrial cristae from alphaproteobacteria. Mol. Biol. Evol.
34, 943-956. doi: 10.1093/molbev/msw298

Naumann, M., Schiifller, A., and Bonfante, P. (2010). The obligate endobacteria of
arbuscular mycorrhizal fungi are ancient heritable components related to the
Mollicutes. ISME J. 4:862. doi: 10.1038/isme;j.2010.21

Nelson-Sathi, S., Sousa, F. L., Roettger, M., Lozada-Chévez, N., Thiergart, T.,
Janssen, A., et al. (2015). Origins of major archaeal clades correspond to gene
acquisitions from bacteria. Nature 517, 77. doi: 10.1038/nature13805

Nielsen, C. (2012). Animal Evolution: Interrelationships of the Living Phyla. Oxford:
Oxford University Press.

Nowack, E. C., and Melkonian, M. (2010). Endosymbiotic associations within
protists. Phil. Trans. R. Soc. B. 365, 699-712. doi: 10.1098/rstb.2009.0188

Ozkan, H., Levy, A. A,, and Feldman, M. (2001). Allopolyploidy-induced rapid
genome evolution in the wheat (Aegilops-Triticum) group. Plant Cell. 13,
1735-1747. doi: 10.1105/TPC.010082

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1380


https://doi.org/10.1111/jeu.12691
https://doi.org/10.1038/s41586-018-0548-6
https://doi.org/10.1101/768580
https://doi.org/10.2307/2412223
https://doi.org/10.2307/2412435
https://doi.org/10.1146/annurev.es.05.110174.000501
https://doi.org/10.2307/2412559
https://doi.org/10.1038/ismej.2017.21
https://doi.org/10.1073/pnas.1421376112
https://doi.org/10.1093/gbe/evaa047
https://doi.org/10.1126/science.1230318
https://doi.org/10.1101/cshperspect.a015974
https://doi.org/10.1016/j.cub.2020.01.010
https://doi.org/10.1111/j.1095-8312.2008.00984.x
https://doi.org/10.1093/molbev/msh160
https://doi.org/10.3389/fmicb.2018.01896
https://doi.org/10.1093/gbe/evw136
https://doi.org/10.1016/j.tim.2016.03.005
https://doi.org/10.1038/s41586-019-1916-6
https://doi.org/10.1186/gb-2010-11-5-209
https://doi.org/10.3109/10409238.2013.821444
https://doi.org/10.1038/nature14963
https://doi.org/10.1101/cshperspect.a000398
https://doi.org/10.1016/j.cub.2009.04.034
https://doi.org/10.1073/pnas.1523394113
https://doi.org/10.3934/microbiol.2019.1.48
https://doi.org/10.1098/rspb.1999.0792
https://doi.org/10.1046/j.1529-8817.2001.01126.x
https://doi.org/10.1038/nrmicro3271
https://doi.org/10.1186/s13059-018-1454-9
https://doi.org/10.1038/ncomms14363
https://doi.org/10.1017/S0967026299002231
https://doi.org/10.1093/molbev/msw298
https://doi.org/10.1038/ismej.2010.21
https://doi.org/10.1038/nature13805
https://doi.org/10.1098/rstb.2009.0188
https://doi.org/10.1105/TPC.010082
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Skejo and Franjevi¢

Polyphyletic Nature of the Eukaryotes

Pisani, D., Cotton, J. A., and McInerney, J. O. (2007). Supertrees disentangle
the chimerical origin of eukaryotic genomes. Mol. Biol. Evol. 24, 1752-1760.
doi: 10.1093/molbev/msm095

Pough, F. H., Janis, C. M., and Heiser, J. B. (1999). Vertebrate Life, 5th Edition. New
York, NY: Upper Saddle River, Prentice Hall.

Recuero, E., Buckley, D., Garcia-Paris, M., Arntzen, ]. W., Cogalniceanu,
D., and Martinez-Solano, I. (2014). Evolutionary history of Ichthyosaura
alpestris (Caudata, Salamandridae) inferred from the combined analysis of
nuclear and mitochondrial markers. Mol. Phylogenet. Evol. 81, 207-220.
doi: 10.1016/j.ympev.2014.09.014

Roger, A. ], Mufioz-Gomez, S. A., and Kamikawa, R. (2017). The origin
and diversification of mitochondria. Curr. Biol. 27, R1177-R1192.
doi: 10.1016/j.cub.2017.09.015

Sankararaman, S., Mallick, S., Patterson, N., and Reich, D. (2016). The combined
landscape of Denisovan and Neanderthal ancestry in present-day humans.
Curr. Biol. 26, 1241-1247. doi: 10.1016/j.cub.2016.03.037

Seehausen, O. (2004). Hybridization and adaptive radiation. Trends Ecol. Evol. 19,
198-207. doi: 10.1016/j.tree.2004.01.003

Seitz, K. W., Lazar, C. S., Hinrichs, K. U,, Teske, A. P., and Baker, B. J. (2016).
Genomic reconstruction of a novel, deeply branched sediment archaeal phylum
with pathways for acetogenesis and sulfur reduction. ISME J. 10, 1696-1705.
doi: 10.1038/isme;j.2015.233

Spang, A., Saw, J. H., Jorgensen, S. L., Zaremba-Niedzwiedzka, K., Martijn, J., Lind,
A.E, et al. (2015). Complex archaea that bridge the gap between prokaryotes
and eukaryotes. Nature 521, 173. doi: 10.1038/nature14447

Speijer, D., Lukes, J., and Eli,d8, M. (2015). Sex is a ubiquitous, ancient,
and inherent attribute of eukaryotic life. Proc. Natl. Acad. Sci. US.A. 112,
8827-8834. doi: 10.1073/pnas.1501725112

Spribille, T., Tuovinen, V., Resl, P., Vanderpool, D., Wolinski, H., Aime, M. C,,
et al. (2016). Basidiomycete yeasts in the cortex of ascomycete macrolichens.
Science 353, 488-492. doi: 10.1126/science.aaf8287

Thiergart, T., Landan, G., Schenk, M., Dagan, T., and Martin, W. F. (2012). An
evolutionary network of genes present in the eukaryote common ancestor
polls genomes on eukaryotic and mitochondrial origin. Genome Biol. Evol. 4,
466-485. doi: 10.1093/gbe/evs018

Tuovinen, V., Ekman, S., Thor, G., Vanderpool, D., Spribille, T., et al. (2019).
Two Basidiomycete fungi in the cortex of wolf lichens. Curr. Biol. 29, 476-483.
doi: 10.1016/j.cub.2018.12.022

Vogels, G. D., Hoppe, W. F., and Stumm, C. K. (1980). Association of
methanogenic bacteria with rumen ciliates. Appl. Environ. Microbiol. 40,
608-612. doi: 10.1128/AEM.40.3.608-612.1980

Wake, D. B., Wake, M. H,, and Specht, C. D. (2011). Homoplasy: from detecting
pattern to determining process and mechanism of evolution. Science 331,
1032-1035. doi: 10.1126/science.1188545

Wallin, I. E. (1927). Symbionticism and the Origin of Species. Moscow:
Ripol Klassik.

Williams, T. A., Foster, P. G., Cox, C. J., and Embley, T. M. (2013). An archaeal
origin of eukaryotes supports only two primary domains of life. Nature 504,
231-236. doi: 10.1038/nature12779

Woese, C. R., Kandler, O., and Wheelis, M. L. (1990). Towards a natural
system of organisms: proposal for the domains Archaea, Bacteria, and
Eucarya. Proc. Natl. Acad. Sci. U.S.A. 87, 4576-4579. doi: 10.1073/pnas.87.
12.4576

Zaremba-Niedzwiedzka, K., Caceres, E. F., Saw, J. H., Bickstrém, D., Juzokaite, L.,
Vancaester, E., et al. (2017). Asgard archaea illuminate the origin of eukaryotic
cellular complexity. Nature 541, 353-358. doi: 10.1038/nature21031

Zimorski, V., Ku, C., Martin, W. F., and Gould, S. B. (2014). Endosymbiotic
theory for organelle origins. Curr. Opin. Microbiol. 22, 38-48.
doi: 10.1016/j.mib.2014.09.008

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Skejo and Franjevi¢. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

July 2020 | Volume 11 | Article 1380


https://doi.org/10.1093/molbev/msm095
https://doi.org/10.1016/j.ympev.2014.09.014
https://doi.org/10.1016/j.cub.2017.09.015
https://doi.org/10.1016/j.cub.2016.03.037
https://doi.org/10.1016/j.tree.2004.01.003
https://doi.org/10.1038/ismej.2015.233
https://doi.org/10.1038/nature14447
https://doi.org/10.1073/pnas.1501725112
https://doi.org/10.1126/science.aaf8287
https://doi.org/10.1093/gbe/evs018
https://doi.org/10.1016/j.cub.2018.12.022
https://doi.org/10.1128/AEM.40.3.608-612.1980
https://doi.org/10.1126/science.1188545
https://doi.org/10.1038/nature12779
https://doi.org/10.1073/pnas.87.12.4576
https://doi.org/10.1038/nature21031
https://doi.org/10.1016/j.mib.2014.09.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Eukaryotes Are a Holophyletic Group of Polyphyletic Origin
	Introduction
	Paraphyletic Means Monophyletic
	Polyphyletic, Reticulated Events in Evolution
	Bacterial Contribution to Eukaryogenesis Should not be Neglected
	Concluding Thoughts
	Author Contributions
	Funding
	Acknowledgments
	References


