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Abstract

Genome remodeling and exchange of sequences are widespread in the prokaryotic world and mosaic genomes challenge the
classification of prokaryotes, which cannot be properly achieved in terms of a single gene or group of genes. Here, we studied
individually the gene collection of the archaic microorganism Lokiarchaeum sp., suggested as an archaeal host close to the emer-
gence of the eukaryotes. The network or rhizome of all Lokiarchaeum sp. genes revealed that the genomic repertoire is mainly
composed of genes from archaeal (~36%) and bacterial origin (~28%), distantly followed by components of eukaryotic origin
(~2%). Thirty-three percent of genes were unique to this species (ORFans). The mosaicity of archaea was also supported by studying
Methanomassiliicoccus luminyensis, an archaea from the gut, in which 67% of the genomic repertoire arised from archaea and 22 %
from bacteria. Our results illustrate the intricate evolutionary relationships of the archaeal genome repertoire and highlight the
rhizome-like processes of evolution in archaea, their mosaicity, and chimeric origin composed of different domains of life, ques-

tioning the reality of a tree of life.
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Darwin used metaphor from the bible such as the tree of life,
in which each single branch emerges from a common ances-
tor (nowadays referred as Last Universal Common Ancestor,
LUCA). LUCA, as our “Adam” like organism, is not realistic
now (Raoult and Koonin 2012; Raoult 2013). The initial and
extensive use of ribosomal RNA as the gold-standard taxo-
nomic molecular marker leads to consideration of three dis-
tinct domains of life: Eukaryota, Archaea, and Bacteria
(Woese and Fox 1977; Woese 1987 Woese et al. 1990).
However, classification based on a single gene or group of
genes raises the problem of organism homogenicity.
Consequently, the tree of life and the domain definition are
based on a small fraction of the genome, involving only 1% of
available data (Doolittle 1999, 2009a; Wolf et al. 2002; Dagan
and Martin 2006; Doolittle and Bapteste 2007). The tree to-
pology based on the ribosome suggests that Eukaryota and

Archaea share a common ancestral set of ribosomal genes.
Accordingly, the genomic description of putative archaic
microorganisms such as Lokiarchaeota (Spang et al. 2015),
in which numerous genes are found both in eukaryotes and
archaea, leads to classification of this microorganism as a pos-
sible ancestor of Eukaryota and Archaea which is a biological
Graal. Alternatively, it has also been proposed that modern
microorganisms emerged from a profound “rhizome,”
“bushes,” or “a network,” in order to explain the multiple
origins of eukaryote and archaeal genes (Gould 1987,
Gogarten et al. 2002; Gogarten and Townsend 2005;
Raoult 2010a; Dunning Hotopp 2011; Koonin et al. 2011;
Merhej et al. 2011; Georgiades and Raoult 2012). Here, we
compared sequence exchanges between the archaic
Lokiarchaeota and eukaryotes, as well as archaea and bacteria
living in the gut in the same common ecosystem. Our
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objectives are to reassess the data of Spang et al. at the light
of the study of the whole ORFeomes and to evaluate the
mosaicity of archaeal genomes.

The discovery of a novel archaeal phylum candidate,
Lokiarchaeota, was evidenced by Spang et al. (2015). The
authors described this new archaeal lineage as forming a
monophyletic group with eukaryotes and hypothesized a
Lokiarchaeota—Eukarya affiliation and a putative missing link
in the origin of organisms. The origin of all Lokiarchaeota
genes was determined according to their taxonomic affilia-
tion. Among the 5,384 Lokiarchaeota hits, 1,785 genes were
unique to this species (fig. 1). The remaining genes were
assigned to the different domains of life as follows: 1,944
genes (36.1%) in archaea, 1,509 genes (28%) in bacteria,
and 121 genes (2.2%) in eukaryota (supplementary table 1,
Supplementary Material online). Thus, the genome of
Lokiarchaeota possesses a genomic repertoire mainly com-
posed of genes from bacterial and archaeal origin, distantly
followed by components of eukaryotic origin. The whole ge-
nome analysis confirmed our first results based on molecular
markers and definitely placed Lokiarchaeum as a model of a
mosaic genome composed of mainly bacterial and archaeal
components, followed by eukaryote components.

To illustrate the mosaicity of archaea, we also studied an
archaea from the gut, M. luminyensis (Dridi et al. 2012). Sixty-
seven percent of the genomic repertoire of M. luminyensis
arised from archaea and 22% from bacteria (fig. 2 and sup
plementary table 1, Supplementary Material online). These
results reveal the mosaic genome content of M. luminyensis.
Altogether, these results are in accordance with recent find-
ings that suggest gene exchange between bacteria and ar-
chaea living in the same ecological niche (Deschamps et al.
2014; Nelson-Sathi et al. 2015).

Our analysis of the gene content showed that archaeal
genomes are rather of mosaic structure (Koonin and Yutin
2014). A significant part of the genome does not contain
proteins of archaeal origin, but is constituted of bacterial pro-
teins. Extensive DNA exchange and recombination lead, or at
least contributes, to chimeric genomes. The composition of
the genomes reflects its environment; in other terms, “you
are what you eat,” “tell me where you live, | will tell you what
you are.” Because of the mosaics of genomes, the construc-
tion of a Tree of Life (TOL) is rendered very difficult. For in-
stance, the standard molecular marker 16 S rRNA gene could
not be used, because several distinct copies of different 165
variants are found in a single species (Viezens and Arvand
2008). All attempts to find the origin of all life forms according
to a simple LUCA vision, from which all living organisms have
evolved, is probably misleading (Pace 2006). In addition, sim-
ulations of genes and organismal lineages suggest that there
was no single common ancestor that contained all the genes
ancestral to those shared among the three domains of life
(Zhaxybayeva and Gogarten 2004). The last universal com-
mon ancestor of genes spread out over multiple organismal

lineages, and existing at different times (Zhaxybayeva and
Gogarten 2004). Some alternative strategies to build a TOL
were based on molecular features that are not gene or pro-
teins sequences. For instance, insertion and deletion (indel)-
based investigation are applicable for rooting the TOL (Lake
et al. 2007, 2009). The TOL controversy finds a striking illus-
tration in the “bridge that gap between prokaryotes and
eukaryotes” constructed from a concatenation of sequence
alignments of highly conserved proteins, primarily those in-
volved in translation, as illustrated in Lokiarchaeota (Spang
et al. 2015). However, eukaryotes are rather chimeric organ-
isms, with an archaeal subset that is strongly enriched in in-
formation processing functions (replication, transcription, and
translation), a bacterial subset that consists largely of opera-
tional functions (metabolic enzymes and membrane proteins),
endogenous retroviruses, and eukaryote-specific genes
(Belshaw et al. 2004; Esser 2004; Rivera and Lake 2004;
Yutin et al. 2008). Moreover, the purpose of concatenation
is to reinforce weak phylogenetic signals that cannot be ro-
bustly recovered from any single gene with a very low boot-
strap, but it is not appropriate, because the genes used have
different phylogenetic stories that preclude concatenation
(Rokas et al. 2003). Taking into account the universally dis-
tributed genes among all genomes and excluding lateral
transfer, we may consider that on an average only 0.1% of
a large eukaryotic proteome and 1% of a prokaryotic prote-
ome fit the concept of a tree of life; that is, a common origin
of all information encoded in organisms (Dagan and Martin
2006; Dagan et al. 2008). The representation of the TOL from
Spang et al. (2015) can be summarily dismissed as a “tree of
1%" (of the genes in any given genome), which cannot rep-
resent genuine evolution.

Our result revealed the mosaic nature of the Lokiarchaeota
genome mainly composed of genes from archaeal and bac-
terial origin. The high proportion of bacterial genes in
Lokiarchaeota is in agreement with the interdomain gene
transfer between archae and bacteria in which transfers
from bacteria to archaea are 5-fold more frequent than vice
versa (Nelson-Sathi et al. 2015).

In our study, BLAST approach used for taxonomic assign-
ment could have phenetic shortcut (Koski and Golding 2001;
Dick et al. 2017) as compared with the classical phylogenetic
analyses. We confirmed the accuracy of the BLAST method by
analyzing a subset of randomly selected Lokiarchaeota genes.
Although, more precise and detailed, the phylogenetic
approaches gave comparable results as compared with the
BLAST approaches. Inferring the phylogenetic relationships
between organisms definitely cannot be achieved by using a
unique tree, due to the different origins of genes and subse-
guent dissimilar tree topologies (noncongruence). Moreover,
although lateral gene transfer accounts for similarities be-
tween the domains of life, vertical inheritance from the com-
mon ancestor followed by loss of genes in one domain is still
possible.
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Fic. 1.—The rhizome of Lokiarchaeota. Viruses are depicted in red, archaea in pink, eukaryota in blue, and bacteria in green. ORFans are depicted in
orange. All protein sequences were used as queries in a BLASTp search (Altschul et al. 1990) against the nonredundant (nr) protein database from NCBI. Blast
results were filtered to keep the best hits and taxonomic affiliation was retrieved from NCBI. Best hit was selected and integrated in a circular gene data
image (Krzywinski et al. 2009). The whole coding sequences of Lokiarchaeum was downloaded from NCBI, Lokiarchaeum sp. GC14_75 (PRINA259156,
JYIMO1000001: JYIMQ01000504).

As pointed by our analysis of Lokiarchaeota or M. luminyen-
sis, evolution should resemble a clump of roots representing
the numerous origins of the genes repertoires for each species
(Georgiades and Raoult 2012). Thus, our study suggests that a
rhizome, forest, or bushes of genes representation is much
more adequate to stand for the multiplicity and de novo

creation of a genome. In addition, a rhizome applies to the
entire cellular life history, contrary to the TOL. The TOL is based
on scientific hypothesis not demonstrated and strongly reflect-
ing the social beliefs during the Darwin’s period, as a direct
resurgence of the creation theory (Raoult 2010b). The hierar-
chical order originating from a single ancestor is therefore
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Fi. 2.—The rhizome of Methanomassiliicoccus luminyensis. Viruses are depicted in red, archaea in pink, eukaryota in blue, and bacteria in green
ORFans are depicted in orange. The Methanomassilicoccus luminyensis genome (NZ_CAJE00000000.1) was retrieved from NCBI (Dridi et al. 2012).

erroneous and the universal scope of such tree-based evolu-

tionary explanations has now been strongly questioned
(Doolittle 1999, 2009a, 2009b; Bapteste et al. 2009; Dagan
and Martin 2009). Microbial genome could be viewed as a
mosaic of genes composed of eukaryotic, bacterial, archaeal,
and viral genes that comprise an ecosystem enabling to drive a
dynamic network of gene exchanges.
In conclusion, the novel phylum of Lokiarchaeota did not
recover the “lost ark” of the TOL, but illustrates once again

the rhizome-like processes of evolution (Raoult 2010a; Merhej
et al. 2011) and rules out the existence of LUCA and the
vertical evolution of the Neo-Darwinists. Eukaryotes remain
complex mosaic organisms that possess genes of apparent
archaeal origin, genes of probable bacterial origin, genes of
viral origin, genes that seem to be eukaryote-specific
and newly created genes, and there are no currently identified

remains of the putative Archaea-Eukaryotes’ common
ancestor.
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Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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