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Abstract

The evolutionary origin of eukaryotes ia question of great interest for which many different hypotheses have been
proposed. These hypotheses predict distinct patterns of evolutionary relationships for individual genes of the ancestral
eukaryotic genome. The availability of numerous completely sequenced genomes covering the three domains of life makes
it possible to contrast these predictions with empirical datWe performed a systematic analysis of the phylogenetic
relationships of ancestral eukaryotic genes with archaead dacterial genes. In contrast with previous studies, we
emphasize the critical importance of methods accounting &iatistical support, horizontal gene transfer, and gene

loss, and we disentangle the processes underlying the phylogenomic pattern we observe. We brst recover a clear signral
indicating that a fraction of the bacteria-like eukaryotic ges are of alphaproteobacterial origin. Then, we show that the
majority of bacteria-related eukaryotic genes actually dotipoint to a relationship with a specibc bacterial taxonomic
group. We also provide evidence that eukaryotes branch close to the last archaeal common ancestor. Our results de
onstrate that there is no phylogenetic support for hypotheses involving a fusion with a bacterium other than the ancestor
of mitochondria. Overall, they leave only two possible inpeetations, respectively, based on the early-mitochondria
hypotheses, which suppose an early endosymbiosis of an alphaproteobacterium in an archaeal host and on the slow-drig
autogenous hypothesis, in which early eukaryotic ancestors were particularly prone to horizontal gene transfers.

Key wordseukaryogenesis, archaea, evolution, phylogeny, tree of life, horizontal gene transfer.
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Introduction based on microtubules and actiMuiin et al. 2009
Hammesfahr and Kollmar 2012 complete vesicle and

All known cellular organisms belong to one of three domalns&;l%\é mbrane-trafbcking  system allowing for endocytosis

Bacteria, Archaea, or Eukarya. These three groups not o .
share common ancestry but also harbor distinctive features. cks et al. 2008utin et al. 200De Craene et al. 2012
modern cell cycl&me et al. 20),1and a sexual cycle

Bacteria and Archaea differ in their replication machineri PneiosisiRamesh et al, 20@d syngamy)
ki Kel 2 lati e I .
(Grabowski and Kelman 2)0gene regulation systems Because of their elaborate cellular biology and their pecu-5

(Reeve 20D3membrane chemistnPdreto et al. 2004 -

Guldan et al. 201Shimada and Yamagishi 20and cell liar mosaicism and also because we are ourselves eukaryotes,

wall structure Kandler and &oig 1998Albers and Meyer the origin of Eukarya has drawn much attention. Many S
diverse hypotheses have been proposed, ref3ecting the pros

201), among other things. Intriguingly, Eukarya are similar ) . 2
Archaea for some systems (e.g., the replication, transcriptigpind disagreements among their authors over what evolu-

and translation apparatusBegve 2008llers and Mevarech  tonary events should or should not be considered possible i3
2009) and to Bacteria for others (e.g., metaboRivefa  (S€€EMbley and Martin [200@) a review). These hypoth- — *
et al. 1998Canback et al. 2q0hd membrane chemistry ©€Ses can be classibed into three main classes. In OautogenousC
[Pereto et al. 20p4They also possess numerous specipBYPotheses, the eukaryotic endomembrane system and nu-
systems that confer them an incomparable cellular comple%leus evolved spontaneously, subsequently making possible
ity: the last eukaryotic common ancestor (LECA) is thought t§1€ mitochondrial endosymbiodizoglittle 1978Cavalier-

have had a modern nucleMags et al. 20pand associated ~Smith 20023&ely 2003Lester et al. 2006e Duve 2007

features, such as nuclear pore compBapteste et al. 2005 Cavalier-Smith 2030Devos and Reynaud 20Keper
Neumann et al. 20lCchromatin Ier et al. 20Q8linear €t al. 2010Forterre 2011Poole and Neumann 2011
chromosomes and centromer@avalier-Smith 20)0bu- Martijn and Ettema 20L3onversely, Oearly-mitochondriaO
cleolus$taub et al. 204apped and polyadenylated mRNA, hypotheses propose that the evolution of cellular complexity

and introns Collins and Penny 2006 also had mitochon- ~ was triggered by a primordial endosymbiosis of an alphapro-
dria (which are derived alphaproteobactéibley and  teobacterium into an archaeal hdda(tin and Mdler 1998

Martin 2006Gabalgn and Huynen 20p7a cytoskeleton Vellai et al. 1998earcy 20p3Finally, OternaryO hypotheses

adns 190N yI0 sfeuinolploxo-aqui/anyuoly pi
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advocate that the organism that engulfed the ancestor afollected and processed. All studies agree that the eukaryotic
mitochondria was itself a chimera of two prokaryoteggenome is a mosaic of archaea-related, bacteria-related, and
(Margulis et al. 200Bodde 2092 Among popular ternary — eukaryotic-specibc genes, Wwibteria-related genes some-
hypotheses are the OendokaryoticO hypotheses in whichwiiat outnumbering archaea-related genes. At taxonomic
nucleus derives from an archaeon while the cytoplasm deriMesels Pner than domains, in contrast, the picture is confused.
from a bacteriumL@ke and Rivera 19&4ipta and Golding  Recent studiesPisani et al. 200%aruhashi et al. 2008
1996Horiike et al. 20Qdopez-Garcia and Moreira 3006 ~ Thiergartet al. 2012 have detected a connection to

All these hypotheses for the origin of Eukarya imply aglphaproteobacteria, but along with strong signals to other
sumptions regarding the lineages that were involved in thisacterial groups (not necessarily the same ones in different
process. In each case, these lineages are believed to havestagies). Several interpretations can explain this pattern,
tributed to the modern eukaryotic genome, be it by verticalvhich have not been disentangled. Results regarding ar-
descent, endosymbiotic gene transfer (EGT; a process whbea-related eukaryotic genes have also been ambiguous
known for the mitochondrionEmbley and Martin 2006  (Gribaldo et al. 20L0Bome studies argued for a sister rela-
or other forms of horizontal gene transfer (HGT). Thesgonship between Eukarya and Arch&sawn et al. 2001
hypotheses are therefore associated with different phylogeiccarelli et al. 2Q06utin et al. 20Q8others for a branching
nomic predictions, which can be tested by means of moleef Eukarya deep within Archaivéra and Lake 2004
ular phylogeny. We hereafter give a few representati®aruhashi et al. 20@1y and Ettema 2QMilliams et al.
examples. The Osyntrophy hypothdsig®@z{Garcia and 2012 and yet others for a shallow, within-Euryarchaeota
Moreira 2006 an endokaryotic hypothesis, proposes thatranchingRisani et al. 200hiergart et al. 20112
Eukarya are a chimera between a methanogen (thus a eur-We dissected the origins of eukaryotic genes in much more &
yarchaeonGribaldo and Brochier-Armanet 3p@&hd a  detail than previous studies. In particular, we distinguished =
deltaproteobacterium, hostiag alphaproteobacterial endo- between genes whose phylogeny actually supports a relationg
symbiont. Therefore, it prei that ancestral eukaryotic ship between eukaryotes and a particular prokaryotic §
genes, when they have prokaryotic homologs, should kgxonomic group, genes whoselationary histories are 3
related to euryarchaeal, deltaproteobacterial, and alphaprgturred by HGTs among prokaryotes, and genes that hold &
teobacterial genes. Similaglgcording to the Ohydrogen |ittle phylogenetic signal. We show that the set of genes £
hypothesis®értin and Midler 1998 an early-mitochondria  that link to alphaproteobacteria essentially consists of gene
hypothesis, ancestral eukaryotic genes are expected to defpgolved in mitochondrial respiration and protein processing.
from the alphaproteobacterial ancestor of mitochondria angturthermore, there exists mpgort for the involvement of a
from the methanogenic euryarchaeon that hosted it. Finallparticular bacterial lineage other than Alphaproteobacteria in
among autogenous hypotheses proponents, the NeomufRe origin of Eukarya. Most bacteria-related eukaryotic gene
hypothesisGavalier-Smith 20)Gssumes that Eukarya are cannot be traced to a speciPc taxonomic group, in many §
the sister group of all Archaea and explains the existence @{ses because of HGT among Bacteria but sometimes becaugg
(apparently) bacteria-relatgenes in Eukarya by EGTSs fromof |ack of signal. Lastly, the analysis of archaea-related genés
the mitochondrion and by massive losses by the ancestorsgfpport that Eukarya branch near the root of Archaea, either &
Archaea of genes that existed in the last universal commaieep within them or as a close outgroup. These Pndings S

ancestor (LUCA), so that Eukarya and Bacteria share gepgstradict many of the existing hypotheses regarding the o
Archaea lack. Other autogenous hypotheses propose thgigin of eukaryotes.

Eukarya stem from within Archaea but have undergone a
massive acquisition of bacterial genes, either by EGT Riesults
HGT from diverse lineagésdter et al. 200@lartijn and L .
Ettema 2093 The slow-drip hypothesis, for instance, advoldentification of LECA Ced Phylogenetic Inferences,
cates that early eukaryotic ancestors acquired many ned!d Taxonomic Sampling
genes through HGT, like prokaryotes do tddester et al. The HOGENOM (v5) database contains clusters of homolo-
20086. gous sequences built from 946 complete genomes from the
Given these contrasting predictions, investigating théree domains of lif€€nel et al. 200%rom this database,
phylogenetic relationships between eukaryotic and prokarye retrieved 665 clusters of homologs that contained se-
otic genes on a genomic scale is an essential piece in tjgences of diverse Eukarya, plus Archaea or/and Bacteria.
puzzle of the origin of eukaryotes. This question was a€Pn the basis of maximum likelihood (ML) trees of these clus-
dressed several times with diverse approaches, includiegs, we identibed all monophyletic groups of eukaryotic se-
ones based on Blast or similar toblerifke et al. 2001 quences that could be traced back to LECA (hereinafter
Esser et al. 20QMteia et al. 200%Koonin 20106zklarczyk ~ OLECA cladesO). In 409 of the 665 clusters of homologs, exactly
and Huynen 20)Qcircular genome-content grapRé&/éra  one LECA clade was identibed. In 65 clusters of homologs, two
and Lake 20Q4dekapentagonal mapghéxybayeva et al. to four distinct LECA clades were identibed. These cases typ-
2004, iterated supertreeBigani et al. 200as well as strat- ically correspond to genes existing in both cytoplasmic and
egies based on the parallel analysis of many single-gene phitechondrial version, such as some of the ribosomal pro-
logeniesaruhashi et al. 2098tin et al. 2008 hiergartetal.  teins. In the remaining 191 clusters of homologs, no LECA
2012, which also differ greatly in the way the data wereclade existed because eukaryotic sequences were polyphyletic.
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Table 1.Taxonomic Distribution of Selected Archaeal and Bacterigsgupport were considered to be ambiguous and not analyzed
Species, and Minimal Number of Representatives Required by t@ther.
Corresponding Conbgurations.

Group Sampling Threshold  Analysis through OConfigurationsO

Acidobacteria 3 3 The trees were extremely heterogeneous in terms of species
Actinobacteria 15 Half content, number of paralogs per genome, branching patterns,
Alphaproteobacteria 10 Half as well as in terms of branch length and bootstrap support
Aquibcae 4 3 distributions among branches (&g.,B2D). This extensive

Bacill 9 Half diversity made the debnition of standardized analysis princi-
Bacteroidetes 15 Half ples very challenging. One possibility was to consider that the
Betaproteobacteria 4 3 closest relatives of a LECA clade are the organisms constitut-
Chlamydiae 3 3 ing its sister group. This principle is intuitive, but clearly too
Chlorobi 5 4 naive. Even though it worked well in some casesdeR),,
Chlorofexi 5 4 it often led to questionable conclusions, owing to HGTs
Clostridia 9 Half among prokaryotes and thecampleteness of sampling
Crenarchaeota 1 Half (e.g.Pg. Cand Discussion). Therefore, to establish relation-
Cyanobacteria 15 Half ships between eukaryotes and prokaryotic groups, we reliedg

Deinococcus-thermus on extended topological criteria we refer to as conbgurations.%

Conbgurations take into account the taxonomic identity of

2
Deltaproteobacteria 8

Dictyoglomi ; : the sister group of eukaryotes and that of the neighboring
5

papeo)

Elusimicrobia groups as well as, most importantly, the taxonomic represen- =

Epsilonproteobacteria tativeness of these groups, according to a system of threshold§
Euryarchaeota 25 Half (Pg. A table 1 and Materials and Methods). g
Fusobacteria 1 . 3
Gammaproteobacteria ! Half Archaeal-Bacterial Mosaicism g
Gemmatimonadetes 1 X
Korarchaeota 1 . For each of the 434 supported LECA clades, we determlnecg”
Mollicutes 4 3 the conbguration of the ML tree and those of all bootstrap ‘s
Nitraspirae 1 . trees. Resu_lts are summarizeldgare 2Th_ey were highly :
Planctomycetes 3 3 robust to alignment and tree reconstruction methedp-( 2
Spirochaetes 4 3 plementary Pg. ,Saupplementary_Matermillne). Based on g
Thaumarchaeota 5 . thg C_)most frequent conbguration among bo_otstrap trees_OC
Thermotogae 4 3 criterion, 243 LEQA clades appeare_d.as be'lng of b‘acterlﬁ
Unl. proteobacteria 1 _ origin, 121 as belng of a_rchaeal origin, whl_le the Othreey
Verrucomicrobia 3 3 domainO conbguration, with Archaea, Bacteria, and Eukary&l

u

Oral® i e _ ot oottt _ faII monophyletic, was recovered in only three cases. Finallys
al indicates that the conbguration required at least half the species o ~ = - . . _
group (e.g.. 8 for Actinobacteria). {ife Ounclear® conbguratioregaonding to tangled histo

PA dot indicates that a conbguration was never inferred for this group because 5i€S in which Archaea and Bacteria appeared mixed (e-g-
insufbcient sampling. Pg. D), occurred for 67 LECA clades.

Altogether we identibed 554 LECA clades. Each LECA clgdations of Eukaryotes to Bacterial Phyla
corresponds to one gene in the genome of LECA, excepo discriminate between the different hypotheses for the
when gene duplications occurred on the stem branch of ewsrigin of eukaryotes, which predict contributions from differ-
karyotes, in which case one LECA clade may correspondetat organisms, we performed an in-depth phylogenetic
several paralogs in the genome of LECA. analysis for each of the 243 bacteria-related LECA clades. As
The next step was to determine the relationships betweeaxpected, given that mitochondria are derived from
each LECA clade and its archaeal and/or bacterial homologphaproteobacteria, a sulpsi@l number of LECA clades
through accurate phylogenetic reconstructions. Because tfi&4) were found to be associated with representative alpha-
initial trees were large (670 sequences on average) and tapumteobacterial sequences in at least 50% of their bootstrap
nomically unbalanced (reRecting the taxonomic biases tnees bg. 2 and 17 more were so at lower thresholds. Three
genome sequencing projects), we selected 144 and 39 remkthese genes were alphaproteobacteria-specibc but most
sentative genomes for Bacteria and Archaea, respectivelgre widely distributed in Bacteria. Almost all of them (38
(table ), and ten representative sequences for each LEQAIt of 41) were involved in core mitochondrial functions such
clade. This reduced the average number of sequence @ protein processing (translation, chaperones), respiration
tree to 115. We made indepertdeih phylogenetic recon-  (tricarboxylic acid cycle, oxidative phosphorylation, ATP
structions for each of the 554 LECA clades. 434 LECA claslggthase), and Fe-S cluster biosynthesis.
had more than 50% nonparametric bootstrap support for In addition, our analysis identiped 24 LECA clades
monophyly and were retained, while those with a lowethat might be related to bacterial phyla other than
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