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ABSTRACT

We breathe at the molecular level when mitochondriain our cells consume oxygen to extract energy from
nutrients. Mitochondria are characteristic cellular organelles that derive from aerobic bacteria similar to
some of those thriving in the oceans nowadays. These organelles carry out most metabolic pathwaysin
eukaryotic cells. The precise bacterial origin of mitochondria and, consequently, the metabolic ancestry
of our cells remains controversial - despite the vast genomic information that is now available. Here we
triangulate across multiple phylogenomic and molecular approachesto pinpoint the most likely living
relatives of the ancestral bacteria from which mitochondria originated.
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INTRODUCTION

Unveling thre origins of mitochondria continuesto challenge science. While there is broad consensus that
mitochondria first evolved around 1700 million years ago, the critical question of from which bacteria
they originated remains unanswered [1-11]. Previous research has primarily relied on phylogenetic
inference to identify the possible bacterial relatives and ancestors of mitochondria, hereafter called
protomitochondria. However, this approach has produced inconsistent and varying results depending on
the phylogenetic approach, taxonomic sampling, and corrections used to reduce artefacts [1-8]. In fact,
amogt all mgjor lineages of al phaproteobacteria have been proposed as protomitochondriarelatives. The
fragility and inconclusiveness of available evidence suggests that phylogenetic trees may not be sufficient
for identifying the extant bacteriathat are closest to protomitochondria. Thisis likely dueto the vast
amount of time passed since the original symbiotic event, which has diluted and dispersed the
phylogenetic signal of contemporary bacterial proteins with respect to their mitochondrial homologs
[2,6]. Moreover, the debate whether the bacterial ancestor of mitochondria was an obligate or facultative
aerobe (see [10] for arecent review) further complicates the evaluation of the metabolic ancestry of
protomitochondria. Thus, new and robust evidence is needed to unveil the origins of mitochondria
[6,10,11].
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To provide such evidence, here we triangulate across multiple phylogenomic and molecular approaches
with different sources of biases[12], covering aerobic and anaerobic metabolic traits shared by bacteria
and mitochondria[6-11] (Table 1). The guiding principle of this strategy isthat the creation of the first
eukaryotic cell involved genomic transmission of metabolic traits from a bacterium that could have
surviving descendants today. Although the transmission has been arare, if not singular event [1,3,6,10], it
might have left vestigial traces in the genome of some of those descendants — similar to ‘missing link’
features found in other mgjor transitions in evolution. An example of evolutionary traces of thiskind is
the synteny of two genes of cytochrome ¢ oxidase (COX or complex IV) [11,13], the mitochondrial
enzyme which ultimately consumes oxygen in our cells (Fig. 1 and Supplementary Fig. S1). Seven genes
for COX subunits and accessory proteins form a conserved genomic cluster (operon) that is characterigtic
of aphaproteobacteria[11]. Four of these genes are encoded in mitochondrial DNA (mtDNA) of early
branching unicellular eukaryotes[11,13-15], while two others are present in mitochondrial complex 1V of
the protist Tetrahymena [16] (Fig. 1). Moreover, the gene for the assembly protein Cox11 (Cox11 CtaG)
always precedes the gene for the COX 3 subunit (Figure 1), forming a collinearity that is conserved in the
MtDNA of some protists (Supplementary Fig. S1). The Cox11-COX3 synteny can thus be considered a
genomic relic of the aerobic ancestry of protomitochondria, providing a selection criterion for putative
bacterial relatives of mitochondria[11]. Its absence in the genome of most bacteria (Fig. 1), including the
Rickettsiales often considered as relatives of mitochondria[4,7,13], would exclude such prokaryotes from
the ancestry of protomitochondria. Here we present diverse new approaches that confirm this exclusion
and indicate that the ancestor of protomitochondria was likely related to extant al phaproteobacteria never

considered before for the evolution of mitochondria.

RESULTS and DISCUSSION

1. Unveiling a new synteny in complex 111 genes.

We searched for other genomic traces with equivalent discriminating power as the Cox11-COX3 synteny,
focusing on the possible genomic association of two proteins that are structurally and functionally
interconnected in complex I11: the Mitochondrial Processing Protease (MPP) and the Rieske Iron Sulfur
Protein (ISP, Fig. 1). Mitochondrial complex 111 (ubiquinol:cytochrome c reductase) derives from the
bacterial cytochrome bc,; complex, which is encoded by the petABC operon now represented by the
cytochrome b gene of mtDNA (Fig. 1, cf. [13,17]). In plants and protists, two MPP proteinsform alarge
domain of complex Il structure, not present in bacterial bc, [16,18,19]. In animal mitochondria, MPP
derivatives called Core Proteins (CP) have the same structural organization [17,20], while the functional
MPP heterodimer is a separate soluble enzyme [18]. We have confirmed two genes for MPP proteins but
hardly any for CP proteins in the genomes of Rhodophyta, Discoba and other early branching eukaryotes
(Supplementary Table S1). Hence, it is highly likely that MPP proteins were congtitutive components of
the first mitochondrial complex 111, as seen in Tetrahymena [16]. Notably, CP retain the function of
processing the pre-sequence of ISP [17,20], thereby underlying the intimate connection between MPP
and ISP. Following thefinding of afilarial protein corresponding to the fusion of MPP with ISP (Fig. 1),
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we systematically searched the genomes of currently available bacteria for the contiguity of genes
encoding the bacterial homologs of MPP and | SP. The homolog and likely precursor of MPP isazinc
peptidase belonging to a specific group of the M16B subfamily [21,22]. We found its gene adjacent to
that of 1SP in two species of lodidimonas, I.muriae (Fig. 1) and . gelatinilytica (Supplementary Table
S2), aswell asin related alpha proteobacteria Q-1 (Supplementary Fig. S2). lodidimonasis part of the
SERIK group, including the orders of Sneathiellales, Emcibacterales, Rhodothalassiales, | odidimonadales
and Kordiimonadales [2]. The few genomes in which MP16B and | SP are separated by oneto five other
genes belong to SERIK taxa too (Supplementary Fig. S2).

2. Digribution of aerobic traitsin mitochondria and alphaproteobacterial lineages.

The rare M16B-1SP synteny (Fig. 1) would represent a novel trace of the metabolic ancestry of
protomitochondria or may derive from some unusual genomic streamlining. To discriminate between
these possibilities and build athorough strategy of triangulation [12], we followed different approaches
and considered their potential biases as well as the expected direction of such biases (Table 1). In the first
approach, we systematically analysed 18 traits of mitochondrial aerobic metabolism which are variably
distributed among the principal lineages of al phaproteobacteria (Box1). The traits include proteins
encoded in the characteristic COX operon, to which M16B isfrequently associated (Fig. 1), aswell as
other proteinsthat participate in the assembly of complex IV (SCO, CtaA/Cox15 [23]), complex |1
(Cbp3 chaperone [23]) and their substrate cytochrome ¢ (heme lyase CcmF). Among traits not evaluated
before, we considered a bacterial zinc-finger protein that is the likely ancestor of subunit Vb of complex
IV [24] and acysteine signature in a conserved C-terminal region of COX1 [25] (Box1). The latter was
considered for its common presence in al phaproteobacteria with reduced genomes including Rickettiales
and early branching eukaryotes (Supplementary Table S2). We also evaluated the digtribution of genes
for M16A peptidases, which have multiple homologs in eukaryotes [26] (Box1; see Methods for more
detail), but have not been considered before in relation to eukaryogenesis[1-8,13]. Figure 2 presentsthe
lineage-specific distribution of the selected aerobic traits in quantitative terms, showing an apparent peak
around lodidimonadales. This peak depends only partially on the premium given to the presence of the
M16B-ISP synteny and is not influenced by the major bias of our first approach, namely genome size
(Table 1). Indeed, | odidimonadales have genomes smaller than the average genome of
alphaproteobacteria. In any case, the cumulative aerobic traits score for lodidimonadales does not
significantly differ from aerobic mitochondria (Fig. 2 and Supplementary Table S2B). Sneathiellales,
Kordiimonadales, Sphingomonadal es and Caulobacterales also show no statistically significant difference
in the distribution of aerobic traits in comparison with mitochondria (Fig. 2 and Supplementary Table
S2B). In contrast, the lineages of MarineProteol, MarineAlpha, Rickettsiales, Holosporales,
Pelagibacterales and Rhodobacterales have significantly lower cumulative scores than aerobic
mitochondria (Fig. 2), suggesting their exclusion from the aerobic ancestry of protomitochondria

Conversely, the distribution of aerobic traitsin other lineages partially overlaps that of mitochondria (Fig.
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2). It isthus difficult to exclude such lineages from potential ancestors of protomitochondria based on
statistical distributions alone. Different approaches are needed to overcome specific sources of bias and
further filter alphaproteobacteria lineages for identifying the most likely bacterial ancestor of
protomitochondria (Table 1).

3. Digribution of genesfor ceramide and kynurenine biosynthesisin alphaproteobacteria.

Our next approach was based on a compl etely different metabolic pathway which has hardly been
considered before in regard to eukaryogenesis: the biosynthesis of ceramide-based lipids, sphingolipids.
Sphingolipids constitute a vast class of membrane lipids that are ubiquitous in eukaryotes, but scarcely
present in bacteria[27,28]. To produce the precursor of ceramide, bacteria often require a four-genes
operon ending with the gene for an a-oxoamine synthase catalyzing the key step of ceramide
biosynthesis: serine palmitoyl-transferase (SPT) (Fig. 3A, cf. [28,29]). We found the spt gene encoding
SPT in lodidimonadales and other members of the SERIK group, as well asin some Rhodospirillales and
afew Rhizobiales (Figs. 3 and 4, Supplementary Table S3). Our phylogenetic analysis indicates that
Odyssella sp. NEW MAG-112 may have the earliest enzyme for ceramide biosynthesis of all
alphaproteobacteria (Fig. 3). Alphaproteobacterial SPT is clearly the ancestor of both isoforms of
eukaryotic SPT (Fig. 3B), aswell as of nitrifying taxa such as Nitrococcus (Fig. 3C). Intriguingly, such
nitrifying bacteria possess intra-cytoplasmic membranes resembling mitochondrial cristae, asin
alphaproteobacterial methanotrophs (M ethylocystaceae [30,31]) that also have SPT (Fig. 3C). Ceramide
is well known to modulate the curvature and shape of lipid bilayers[32] and may therefore be crucial for
the formation of bacterial intracytoplasmic membranes. The genomic distribution of spt and its partner
genes shows a maximum within the SERIK group, besides the expected high frequency in
Sphingomonadales (Fig. 4). The limited presence of the same genes in different lineages probably derives
from events of lateral gene transfer (LGT), since they are present only in afew taxathat have SPT
proteins clustering with those of other alphaproteobacteria, as in the case of Caulobacter (Fig. 3C). We
also found that SPT distribution often matches that of the kynureninase gene kynU (Supplementary Table
S3), another pyridoxal 5" -phosphate-dependent enzyme defining the kynurenine pathway for NAD(P)*
biosynthesisin bacteria[33]. An equivalent pathway is required for de novo synthesis of rhodoquinone
(RQ) in nematodes and other eukaryotes, which use this quinone in their adaptation to low levels of
oxygen [34] (see below). The kynU geneis generally associated with kynA encoding tryptophan di-
oxygenase, the upstream enzyme of the kynurenine pathway [33,34]. This genomic association is present
in several taxa of the SERIK group but absent in Caulobacterales (Supplementary Table S3). Hence, the
combination SPT-kynureninase produces a stringent criterion for discriminating al phaproteobacterial
lineages from the ancestry of protomitochondria, which must have had both traits that are now present in

avariety of eukaryotes.
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4. Analysis of anaerobic traitsalong alphaproteobacteria lineages.

The previous analysis of kynU digtribution has suggested that de novo synthesis of RQ may occur also in
alphaproteobacteria. This would be an important novelty relevant to the bacterial ancestry of
protomitochondria, because RQ is one rare trait of anaerobic metabolism that is shared by mitochondria
and alphaproteobacteria [ 34-36] (see Materials and Methods for more details). Members of the
Azospirillaceae family that have kynU and related genes of the kynurenine pathway (Supplementary
Table S3) also have two or more genes encoding different forms of the UbiA protein catalysing acritical
step in ubiquinone (Q) biosynthesis (Figure 5). Thisis an infrequent occurrence that echoes a digtinctive
feature of de novo RQ biosynthesisin C.elegans and other metazoans: the presence of a second UbiA
gene for a protein that specifically transfersthe isoprenoid tail to aring precursor derived from the
kynurenine pathway [34]. Therefore, the presence of multiple UbiA genes in the genome of
alphaproteobacteriathat likely have the kynurenine pathway (boxed in Figure 5) suggests that such
bacteria may synthesize RQ by ade novo system equivalent to that of C.elegans. We additionally
discovered that the genomes of several such al phaproteobacteria al so possess the ubiTUV genes for the
anaerobic biosynthesis of Q [37,38] (Fig. 5). These are: Nitrospirillum amazonense, Arenibaculum, most
members of the A.lipoferum clade, Rhodothal assium spp. and four MAGs including Odyssella sp. NEW
MAG-112, which has an early branching SPT (Fig. 3B). Notably, the proteins encoded by ubiU and ubiV
bind a4Fe4sS cluster promoting the oxygen-independent hydroxylation of the Q ring under anaerobic
conditions [37]. Under normal oxygen conditions, this hydroxylation is catalyzed by flavin hydroxylases
such as UbiH [38]. Intriguingly, we have found paralogs of UbiU in Chlorophyta and other protists, often
in fused proteins containing a similar, UbiV-like domain (see Materials and Methods for more details). It
isthus possible that the ubiU-ubiV synteny has been transmitted by an alphaproteobacterial progenitor to
primordial eukaryotes, thereby rendering these genes powerful new markers for the anaerobic metabolism
shared by facultatively aerobic bacteria and eukaryotes[2,35,37,38].

Next, we considered the distribution of 2-oxoacid ferredoxin oxidoreductases (OFORS) as established
traits for anaerobic metabolism [7,35]. Five different types of OFORs[39] are found in the genomes of
alphaproteobacteria, the long indolepyruvate:ferredoxin oxidoreductase (I0R) being the most common
(Fig. 5 and Supplementary Fig. S3A). The cumulative distribution of OFORS genes is uneven along the
various lineages, with maximal concentration in marine New clades [2] (Fig. 5 and Supplementary Fig.
S3). Eukaryotes adapted to anoxic conditions predominantly have the pyruvate:ferredoxin oxidoreductase
(PFOR) and the oxoglutarate:ferredoxin oxidoreductase (OGOR) in hydrogenosomes or other
mitochondria-related organelles[35]. Interestingly, the genes for these proteins are concentrated in the
phylogenetic space spanning the New clades and the SERIK group [2], which also show the highest
scores for aerobic traits (Fig. 5 and Supplementary Fig. S3B). Hence, the distribution of the metabolic

traits considered here is not random among extant al phaproteobacteria, converging on a central
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phylogenetic region that may have the highest probability for protomitochondria ancestry. To investigate
this possibility, we used a completely different approach (Table 1).

5. INDEL analysisof respiratory proteins.

The convergence of the results obtained with the approaches used so far (Figs. 2-5) appearsto strengthen
the pivotal position of the SERIK group [2] for the ancestry of protomitochondria. However, it cannot
exclude different al phaproteobacteria such as Nitrospirillum, which may have the capacity of de novo
biosynthesis of RQ and possess other anaerobic traits (Fig. 5). Moreover, no member of the SERIK
group has been previously considered as a possible ancestor of protomitochondria[1-11,13].To
strengthen our novel findings, we developed a different triangul ation approach based on conserved
complex INDELs (INsertions or DEL etions [40-42]), which follows principles of molecular rather than
phylogenomic analysis. The identification of conserved INDELs emerged from detailed alignments of the
catalytic subunits of both complex 111 and 1V (Supplementary Table $4). Three of such INDEls are
present in COX 3 and have evolutionary value for they are shared with Nitrococcus COX3
(Supplementary Fig. $4), which occupies an intermediate position in the evolution of the COX operon
fromits ancestral form in iron-oxidizing bacteria of the same gammaproteobacteria class (Fig. 1 — cf.
[43]). These INDELSs are retained in COX3 sequences of al phaproteobacteria such as Caulobacterales,
while they disappear in the proteins of Magnetospirillum and related taxa, which have a simplified COX
operon lacking both CtaB and SURF1 [11]. Such alphaproteobacteria, therefore, are unlikely to be the
source of the various COX proteins of mitochondria (Box1). The absence of INDELS can be considered
the ancestral state of mitochondrial COX3 and occursalso in lodidimonas, but not Azospirillaceae
(Supplementary Fig. 4). Given the phylogenetic limits of complex INDELSs shared by multiple bacterial
lineages [41,42], we expanded our analysis by including well defined INDELSs in the bacterial sequences
of the NuoL and NuoD subunits of complex | (Figure 6). Mitochondrial sequences have gaps
corresponding to the bacterial INDELSs examined; therefore, in principle, the lower the cumulative count
of INDELSs, the higher the possibility of being related to protomitochondria. However, this principle is
tempered by the caveat of genome streamlining, which reduces the number of protein insertions due to
parsimony, thereby producing a different directional bias in comparison to mitochondria (Table 1). For
example, Pelagibacterales have an extremely streamlined genome [44] and show a significant reduction
in the cumulative count of INDELSs (Fig. 6) with respect to phylogenetically close lineages such as
Rhizobiales [2,7]. The comparable low counts in other taxa with reduced genome [1,8], for example
Rickettsiales (Fig. 6), has little relevance to the ancestry of mitochondria, because we have already
excluded such taxa using previous approaches (Figs. 2-5). Considering the wide variance of the
cumulative data (Fig. 6, grey histograms) and the potential randomness of INDELs [42], a stringent
discriminatory threshold could be set at 3, above the standard deviation of Pelagibacterales. This
threshold excludes Kordiimonadales, Emcibacterales, Rhizobiales, Sphingomonadales and, again,
Caulobacterales plus Rhodobacterales (Fig. 6).
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6. Different approachesindicate that | odidimonas spp. may be closeto protomitochondria.

Table 2 summarizes the results obtained with the different approaches evaluated here for screening
bacteria that may be close to protomitochondria (Table 1), plus a criterion based upon collinearity of
ribosomal genes [13]. Tistrella, previously considered a possible relative to protomitochondria [11,13],
shows this collinearity and no conserved INDELSs (Supplementary Table $4), but does not have SPT nor
many anaerobic traits (Table 2). Together, our results indicate that very few al phaproteobacteria would be
positively selected by more than three triangulated approaches (Table 2). lodidimonas spp. are superior to
other possible candidates because they are consistently selected by widely different approaches (Tables 1
and 2, cf. [12,45]). We thus hypothesize that lodidimonas spp. may be descendant of the ancedtral
bacteria that originated protomitochondria. Indeed, they are related to metagenome assembled genomes
(MAGS) uncovered in a hydrothermal environment recapitulating oxygen evolution in proterozoic earth
[46] (Supplementary Fig. $4B).

CONCLUSION

Our triangulation strategy of sequential selection of extant bacteria with multiple approaches of different
nature and bias (Tables 1 and 2) converges in indicating that the closest living bacterial relatives of
protomitochondria may be present in lodidimonadales and close lineages lying in the middle of
alphaproteobacteria phylogeny. These bacteria are related to poorly characterized, earlier branching
MAGs living in niches comparable to those present in proteorozoic oceans [10,35,46]. In turn, they are
phylogenetically close to various MAGs of New clades thriving in marine zones with gradient oxygen
[2,46] - the kind of environment that may be nearest to that pervading Proterozoic oceans when
protomitochondria evolved [10,35]. Therefore, our novel insights dovetail the emerging picture that a
facultative aerobe wasthe likely bacterial ancestor of protomitochondria[10], pinpointing to lodidimonas

Spp. asits extant relatives.
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Materialsand M ethods

The aim of the project leading to this paper wasto unveil the metabolic ancestry of protomitochondria.
To achieve this, we implemented atriangulation strategy by integrating evidence across phylogenomic
and molecular analytical approaches that have different sources of bias[12,45] (Table 1). We applied
these approaches to currently available al phaproteobacteria, lithotrophic gammaproteobacteria and
eukaryotes with aerobic mitochondria. We excluded other bacteria because they do not have the subtype
of COX operon that is characteristic of a phaproteobacteriaand, in part, of mitochondria from early
branching eukaryotes (Fig. 1, cf. [11]). Recognizing that it is indispensable to consider the whole
spectrum of alphaproteobacteria diversity to evaluate their possible relationships with protomitochondria,
we built an in-house repository of about 400 genomes representing all the major lineages of the class[2]
plus the group of MarineProteol [1]. The genomes were systematically re-annotated for all the genes
encoding proteins involved in oxidative phosphorylation and other metabolic pathways examined.
Iterative PSI-BLAST searches of representative proteins[2,43] were carried out to evaluate their

completeness and re-annotation congruity.

Analysis of the aerobic traits.

We have focused on the cytochrome part of the respiratory chain to specifically evaluate the aerobic traits
shared by mitochondria and bacteria: cytochrome ¢ and its reductase, the bc; complex or complex 111, and
its oxidase, COX or complex 1V. We additionally considered the alternative oxidase, AOX [47], which is
the only other terminal oxidase in eukaryotes. A script in R [2] was built to systematically conduct and
automate searches of the genes of these respiratory complexes, as well as those for the biogenesis of
cytochrome ¢, heme A and copper cofactors. We thus constructed a preliminary presence/absence table
for these proteins, assigning avalue of 1 for complete and 0.5 for incomplete sequences. A -1 penalty was
given for the absence of COX1 and COX2 of Al type COX (Box1), the type of catalytic subunits of
mitochondrial complex 1V which must be present in possible ancestors of mitochondria[11]. The other
proteins encoded by the genes of COX operon A1l type subtype b [11] were considered astraits except
CtaB (Cox10), which isnot encoded in any mtDNA nor is part of plant or protist complex 1V. The
catalytic subunits of complex |11 were also considered traits, together with the Cbp3 chaperone for the be;
complex [23] (Box1). At difference with previous presence-absence analyses [2,7,11,13,14], we assigned
apremium score of 2 for the following syntenic associations. i) COX1-COX2, forming a collinearity in
the mtDNA of Andalucia [13] and marine members of the TSAR super-group [48] —they are also fused
together in the mtDNA of Amoebozoa[11]; ii) Cox11 and COX3, which are syntenic in the mtDNA of
Andalucia [13] and afew other early branching Eukaryotes (Supplementary Fig. S1A); M16B and ISP,
which form arare synteny (Fig. 1), possibly reflecting an ancestral genomic association before the
migration of both genesto the nucleus (see text). We assigned a value of 1 to the genesfor M16B.016
peptidases closest to eukaryotic MPP [22], identified by specific signatures in the aligned sequences,

whenever such genes were associated to the COX operon (Fig.1). Additionally, we assigned a premium
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of 1 whenever the gene for CcmF, the critical heme lyase of System | for cytochrome ¢ biogenesisin
bacteria (Ccm [49]), was surrounded by at least two other Ccm genes. Multiple genes for the same trait
within agenome were generally quantified with a numeral equivalent to such genes. Bacterial SCO and
eukaryotic AOX showed such relatively uncommon situations (Supplementary Table S2). Conversely,
multiple genes for M16A and M16C peptidases frequently occur in eukaryotic genomes ([26] and
https://www.ebi.ac.uk/merops/cgi-bin/famsum?family=M 16 - accessed on 11 April 2022). In such cases,

we capped the maximal numeral at 5 (Box1). The last two traitslisted in Box1 correspond to signatures
that are present in two catalytic proteins that are indispensable for aerobic metabolism: COX1 and I1SP.
These were chosen among various signatures because they are common in taxa with reduced genomes
such asthose of Rickettsiales, which are more prone to differential gene loss than other lineages[7].
COX1 proteins of Archaeplastidaand several alphaproteobacterial lineages contain a cysteine (Cys) lying
in a conserved region at the negative side of the membrane (cytoplasm in bacteria or matrix in
mitochondria), between the last transmembrane segment and the C terminus. Thisregion is critical for the
assembly of Complex 1V in yeast and presumably other eukaryotes [25]. The signature in ISP was
considered asthe absence of its major INDEIS, onejust before the conserved ligand blocs for the iron-
sulfur cluster and the other in the middle of the same ligand blocs [11], which occurs in mitochondria and
alimited number of alphaproteobacteriaincluding Rickettsiales (Supplementary Table $4). In sum, the
cumulative score of the 18 aerobic traits we have analysed here provides a multi-layered evaluation of

bacterial and eukaryotic metabolism never considered before.

Taxonomic sampling of mitochondria and grouping of alphaproteobacteriain 15 lineages.

We have dedicated extensive efforts to thoroughly deal with the issue of taxonomic sampling, most
critical for evaluating the bacterial origin of mitochondria[1-8,30]. The initial effortsfocused on the
selection of eukaryotic taxathat have aerobic mitochondria and can be considered early branching [50].
The selection of the aerobic traits (Box 1) guided the choice of thes eukaryotic taxa, which were selected
on the basis of the presence of at least one Ccm gene for cytochrome c biogenesis, because the Ccm
system has been vertically inherited from alphaproteobacteria[13,14,49]. CcmF and other components of
the Ccm system are encoded in the mtDNA of a variety of eukaryotic taxaincluding plants, Jakobida
[13,15], Diphylleia [14], Palpitomons[51], Cryptista-related such as Hemiarma [52], Maawimonadida,
Cyanidiales of Rhodophyta[53] and aso Ciliophora such as Tetrahymena [54]. Ciliophora are at odds
with the rest of the TSAR super-group to which they belong [50], which generally has System I11 for
cytochrome ¢ biogenesis [49,52]. System |11 consists of a single heme lyase protein without bacterial
precedents, therefore congtituting a eukaryotic innovation [49,52]. For this reason, we have excluded the
eukaryotic groups that have System |11 and its possible ancestor System V of Euglenozoa[55], except for
lineages that are related to those containing the Ccm system (Cryptista, Haptista, Chlorophyta and
Rhodophyta [52]). We additionally excluded Ciliophorafor the highly derived nature of their genomes
[16,54] and Maawimonadida because they lack nuclear genes. After detailed analysis, in part used for
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other aspects of this work, we also excluded Rhodel phida [53] and Picozoa[56], because their genomeis
incomplete and does not encode the Ccm system. Considering the limited number of nuclear genomes
that are currently available for Discoba and Archaeplastida other than plants, we settled to analyze a set
of about 30 Eukaryotes to represent aerobic mitochondria (Supplementary Table S2). Permutations of
some taxa of this set with others including yeast, Thecamonas and Amoebozoa such as Dyctiostelium -
which we used in some phylogenetic analyses - did not significantly alter the distribution of the aerobic
traits in mitochondria and their cumulative score, which maintained a median value of 21 (Fig. 2). Next,
we endeavoured to produce athorough selection of aphaproteobacteria representing all the major
lineages of the class with their specific metabolic traits. Our previous taxonomic analysis[2] guided the
selection of 15 separate lineages of a phaproteobacteria, spanning from early-branching Rickettsiales to
late-branching Rhodobacterales. Intermediate lineages also corresponded to orders in the current
taxonomy of alphaproteobacteria
(https://www.nchi.nlm.nih.gov/Taxonomy/Browser/wwwitax.cgi 2id=28211, accessed on 11 April 2022),

which essentially derives from arecent re-classification [57]. However, we considered as separate
lineages two groups that most likely belong to the Rhodospirillales super-order [2] due to phylogenomic
and other observations, as follows. HIMB59 and related marine M AGs were clustered together in the
lineage called *MarineAlpha’, which includes other marine bacteria with similarly AT-rich genomes, in
particular those classified under the TMED109 and TMED127 orders in GTDB taxonomy [58].
Holosporales, which generally cluster with clades of Rhodospirillales after correcting for their AT-rich
genomes[7,8], were considered an intermediate lineage between Rickettsiales and Rhodospirillales, a
placement sustained by their low cumulative scores of aerobic traits (Fig. 2). We used around 60 taxa to
encompass the wide genomic diversity of the Rhodospirillales super-order, including at least two taxafor
each major subdivision [2]. We routinely kept the recently identified New clades of marine MAGsasa
separate lineage from related Sneathiellales (including also Minwuiales) because of the diversity in their
bioenergetic traits [2]. We also kept the lineage of |odidimonadales separate from other SERIK groups
[2] essentially because of their unique synteny of M16B-I1SP (Fig. 1 and Supplementary Fig. S1). To
increase the genomic diversity of lodidimonadales, we included two alphaproteobacterial MAGs found in
an anoxic hydrothermal niche [46], proteins of which cluster together with those of lodidimonasin
phylogenetic trees (for example COX3 in Supplementary Fig. S4B). Conversely, we merged the order of
Rhodothalassiales and Kordiimonadales, as well that of Zavarziniales with Emcibacterales, by
considering common features such as number of INDELSs in respiratory proteins. Representatives of all
major families were included to encompass the genomic diversity of Rhizobiales[2,57]. In contragt, only
the deepest branching and major genera were included to represent the limited taxonomic diversity of the
lineages of Pelagibacterales, Sphingomonadales, Caulobacterales and Rhodobacterales. The
Pelagibacterales lineage was placed just before the Rhizobiales lineage in accordance with recent
phylogenetic analyses[2,8]. We did not consider the orders of Parvularculales and Maricaulales, because

they contain late branching taxa that often cluster with representatives of the established orders of
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Caulobacterales or Rhodobacterales[2,57]. In al cases, the composition of the al phaproteobacterial
lineages was balanced to provide a good match in relative frequency of bioenergetic traits with respect to
the complete set of available genomes, as previously verified for NosZ [2]. Although we favored the
inclusion of cultivated taxa with complete genome, in several cases this was not possible because the
lineage or itstaxonomic divisions include only MAGs, asin the case of MarineProteol [1,8]. In such
lineages, we considered M AGs with most complete genomes, as deduced from the GTDB database or our
own evaluations conducted as described earlier [2]. MarineProteol Binl was kept despite its poor
coverage because of its prototypic position in the MarineProteol lineage [1,8]. In sum, the lineage-
dependent plots of varioustraits we present in this work reflect divergence time along the x axis,

following the consistent branching order of al phaproteobacteria in phylogenetic trees[2].

Distribution of the traits for ceramide and kynurenine biosynthesis

The second approach we used in (Table 1) followed a conventional absence-presence analysis
(Supplementary Table S3). We first conducted PSI-BLAST searches of putative homologs of
Caulobacter SPT [27,29] in all the genomes of our in-house repository, plusthose of closely related taxa.
An Evalue cut-off of 56% was generally sufficient to differentiate genuine SPT homologs from related o-
oxo-amine synthases such as 5-aminolevulinate synthase. The genomic regions containing the gene
encoding the identified SPT homologs were then carefully inspected to verify the presence of the four-
genes operon that is common in ceramide-synthesizing bacteria[29] (Fig. 3A), and the eventual vicinity
of other genes required for sphingolipid biosynthesis [27]. Each protein of the operon was then analyzed
in detailed alignments to identify its biochemical nature (Supplementary Table S3). Various bacterial
SPT proteins were then used in PSI-BLA ST searches extended to eukaryotes, focusing on the species
selected for the comparative analysis of the aerobic traits (Supplementary Table S2). We considered both
the active and inactive isoform of eukaryotic SPT, which likely derive from a process of duplication and
differentiation of the single spt gene of bacteria[28] (Fig. 3B). An equivalent strategy was used for
identifying bacterial and eukaryotic homologs of Pseudomonas kynureninase, encoded by the kynU gene

which is often adjacent to kynA and other genes for components of the kynurenine pathway [33,34].

Analysis of anaerobic traits.

We have expanded the analysis of the kynurenine pathway to evaluate whether such pathway might be
involved in de novo biosynthesis of RQ [34] in alphaproteobacteria. We cross-checked this analysis with
the evaluation of the taxonomic distribution of the rquA gene discovered in R. rubrum, which enablesthe
conversion of RQ from pre-formed Q in this and other bacteria [36]. We found the distribution of the
rquA gene to be mutually exclusive with the combination of two genes for UbiA with the kynU gene
adjacent to other genesfor the kynurenine pathway (seetext, cf. Fig. 5). This mutua exclusivity has been
verified in the genomes of the genus Rhodoferax known to contain RQ [60]. For example, Rhodoferax

fermentans has the rquA gene (protein accession WP_078364963) but not the kynU gene, whereas
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Rhodoferax sediminis has the kynU gene for a functional kynureninase (protein accession
WP_142820272) but no homolog of the rquA gene.

The presence of the ubiTUV triad of genesrequired for the anaeraobic biosynthesis of Q [37] was
identified by the genomic collinearity of these genes and protein alignments defining the distinctive
signatures of the coded proteins[2], including the conserved Cys ligands of the 4Fe4S cluster [ 37,38].
Blast searches extended to eukaryotes identified diverse paralogs with the same U32 peptidase domain as
UbiU [37], including composite proteins showing the fusion of this domain with the DUF3656 domain as
in the protein coded by E.coli rlhA [38,61], often in combination with as similar, UbiV-like domain fused
a the C-terminus. Most frequently, such proteins are found among members of the Sar super-group [50]
and Chlorophyta; however, similar proteins are present in Magnetococcales and other deep branching
alphaproteobacteria. Eukaryotic protein hits found among invertebrates were identified instead as likely
bacterial contaminants on the basis of dedicated blast searches.

I dentification of the different types of OFORs was undertaken following the molecular analysis described
in Ref. [39]. Their presence was quantified assigning a value of 1 to each monomeric or heterodimeric
type, and of 0.5 whenever a coded protein was incomplete. OFORs involved in the biosynthesis of

photosynthetic pigments were ignored.

Phylogenetic and molecular analysis of proteins

Phylogenetic analysis was conducted with large alignments of diverse protein sequences[2,43]. Such
alignments were manually implemented after rounds of automated alignment with the MUSCLE program
within the MEGA software (versions 5 and X [2,43]). Phylogenetic analysis was undertaken with
Maximum Likelihood (ML) inference using the program 1Q-Tree and Bayesian inference using the
BEAST program, as previously described [2,43]. The LG models was most frequently used. Analysis of
the INDELSs present in the catalytic subunits of complex |11 and IV was conducted in enlarged versions of
the same alignments used for phylogenetic analysis. Such alignments included proteins from all the
bacterial and eukaryotic taxa that we examined for the aerobic traits. Short deletions or insertions that
were species-specific were ignored, while INDEL s at least three amino acids long and shared by at least
three bacterial lineages were considered for the analysis (Supplementary Table $4). Alignments of the
NuoL/ND5 and NuoD/Nad7 proteins were built and analyzed in the same way. A total of 21 conserved
INDELSs, predominantly constituted by insertions not shared with mitochondrial homologs
(Supplementary Fig. S3A), were identified in respiratory proteins using the systematic application of the
above criterion. Their distribution was evaluated in the same lineage-specific way as for the agrobic traits.
Of note, several other proteins were not considered because they presented variable INDELs in

eukaryotic sequences vs. their bacterial homologs, asfor example in CtaG_Cox11.
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Statigtical analysis
Statistical analysis was conducted with the 99% Confidence Interval of the T test [59]. In particular, we

conducted independent t-tests to verify the two-tailed hypothesis that the cumulative scores of the 18
aerobic traits (Box 1) for each lineage significantly differed from mitochondria. To guard against inflated
type 1 errors (i.e., false positives) from multiple testing, these analyses were conducted at the more
stringent 1% significance level (alpha=0.01). All analyses were run in R (version 4.1.0) using the stats
package.
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Box1 List of the aerobic traits considered for the analysisin Fig. 2 — see also Methods section.

Protein and defining trait Premium for synteny® Penalty for absence Considered earlier
COX1 COX —complex IV +2 with COX2 -1 yes[1,6-8,11]
COX2 COX —complex IV -1 yes[1,6-8,11]
COX3 COX —complex IV +2 with Cox11 yes[1,6-8,11]
Cox11l COX assembly yes[8,11]
Cox15 type2, heme A synthesis yes[8,13]
SURF1 COX assembly yes|[8]

SCO  COX assemby numeral asits multiple genes® yes [53]
Zf-CHCC precursor subunit Vb no, thiswork
M16B precursor of MPP +2 with ISP 0if not close to COX no, thiswork
Cbp3  bcl assembly no, this work
ISP bcl - complex 111 yes[1,5-8,11]
CytB  bcl-complex il yes [1,5-8]
CytC1 bcl- complex il yes [1,5-8]
CcmF  cyt C biosynthesis +1 with two other Ccm genes yes[6,8]
AOX  aternative oxidase numeral asits multiple genes® yes [47]
M16A fused zinc-peptidases capped numeral for multiple genes® no, thiswork
Cys near C-terminus COX1 no, thiswork
Noindel in ISP yes[11]

aNumerical premium given to collinear syntenies, as described in Methods; A few aphaproteobacterial genomes
have multiple genes for SCO proteins, while some eukaryotes have multiple AOX genes. “Several eukaryotes have
up to 8 M16 (A, B and C subfamily) peptidases [https://www.ebi.ac.uk/merops/cgi-bin/famsum?amily=M16,
accessed on 12 April 2022], but we capped their maximal numeral to 5.
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Table 1.

The main approaches of the triangulation strategy for defining the bacterial ancestry of mitochondria.

Approach and criterion Major sources of bias Direction and influence of biases

No difference in cumulative e favors larger genomes scores increase with genome size

scores of aerobic traits e multiple genes for sametrait t approaching aerobic mitochondria
inflate scores

presence of spt and kynU genes e gene loss disfavors presence absence of genes may derive from

for ceramide and kynurenine e lack of biochemical evidence l differential loss subsequent to

for trait disfavors presence

presence of anaerobic traits o favors facultative aerobes t
for quinones and ferredoxin @ increases with gene duplication
oxido-reductases

protomitochondria evolution

genes increase in number by
ecological adaptation to anoxia
asin anaerobic eukaryotes

very few INDEL s in respiratory e genome streamlining reduces l INDEL s decrease by convergent
proteins the number of INsertions evolution with mitochondria
Table 2.

Selection criteria to evaluate the probability of alphaproteobacteria to be close to protomitochondria.

Taxon M16B-ISP aerobic traits SPT & multiple anaerobic noindel in RP#
>Q2 mitos* KynU traits COX3 & ISP synteny

Tistrella mobilis yes yes yes

Nitrospirillum spp. yes yes yes

Co0234_bin6 oxycline yes yes yes yes

Oceanibacterium hippocampi yes yes

lodidimonas spp. yes yes yes yes yes

Kordiimonas pumila yes yes yes yes

Figure or Reference Fig. 1 Fig. 2 Fig. 4B Fig. 5 Fig.6 [213]

*Cumulative score above 19, corresponding to the second quartile (Q2) of aerobic traits distribution in mitochondria (Fig. 2).
#Major collinearity bloc of ribosomal proteins (RP) and RNA polymerase beta that is shared with Jakobida mtDNA [13].
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rus operon ammaproteobacterla Amdlferrobacter

Tetrahymena ColVv Onchocerca

Figure 1. Evolution of the cytochr ome oxidase gene cluster from proteobacteriato mitochondria.

The figure illustrates the gene clusters (operons) of cytochrome ¢ oxidase rendered with Roman mosaic tiles to
indicate the mosaic nature of the proteins encoded by the clustered genes[11,13,30,43] and of the whole
mitochondrial proteome [3,62]. The rus operon of iron-oxidizing bacteria such as Acidiferrobacter (first row in the
illugtration) is the archetype of COX operons of A1l type [43] and includes an ancestral form of both Heme A
synthase (CtaA0) and transmembrane CtaG (CtaG_caa3). These genes are retained in the genome of nitrifying
Nitrococcus [43] (second row in the illustration), but have been subsequently lost along COX evolution, substituted
by CtaAl and CtaG_Cox11, as shown in the operon of Nitrosococcus (third row in the illustration). The transition
from the rus operon to the COX operon of Nitrococcus included the increase in the molecular size of ancestral
COX3, which originally had five transmembrane helices (TM) and then acquired two additional TM at its N
terminus, thereby forming the 7 TM architecture which is seen in both a phaproteobacterial and mitochondrial
structures [16,18,20,63]. Our sequence analyses suggest that the two extra TM present at the N terminus of ancestral
COX1 [43] might have congtituted the source for the additiona two TM fused to the COX3 core, as indicated by the
dashed green arrow on the top of theillustration. The COX operon of Tistrella [13] is intermediate between that of
gammaproteobacteria such as Nitrosococcus and that typical of other alphaproteobacteria[11]. The gene for M16.06
group of M16 zinc peptidases [22] is often associated to the end of alphaproteobacterial COX operons, generdly
together with the gene for threonine synthase (Tsy) after the SURF1 gene. DUF983, a domain of unknown function
protein with two closely spaced TM at its centre [11], generally precedes the SURF1 gene in the same operon.
Intriguingly, potential homologs of bacterial DUF983 proteins and two SURF1 isoforms are part of Tetrahymena
Complex IV [16]. Thisis represented by the central box in the last row of the illustration, which summarizesthe
genomic transition between alphaproteobacteria, with the rare concatenation of the COX operon with M16B gene
plus the petABC operon of the bc; complex of 1odidimonas [64], and eukaryotes. The last row includes aprotein
from the filarial Onchocerca (Supplementary Fig. S2) containing the collinear fusion of M16B with ISP encoded in
the nuclear DNA of eukaryotes (N symbol). Similar fused proteins have been found in two other nematodes.
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Aerabic Mitochondria
MarineProteo 1
MarineAlpha
Rickettsiales
Holosporales

New Clades
Sneathiellales
ledidimonadales
Pelagibacterales
Rhizobiales
Sphingomonadales
Caulobacterales
Rhodobacterales

Rhodospirillales super-order
Kordiimonadales & Rhodothalassiales
Emcibacterales & Zavarziniales

Alphaproteobacteria Lineage

Figure 2. Distribution of aerobic traits scor es along alphapr oteobacterial lineages and mitochondria.

The figure presents the lineage-dependent plot of the individual cumulative scores for the 18 aerobic traits
considered here (Box1) in their branching order along the x axis (except for the mitochondria on the left). Asterisks
indicate distributions of aerobic traitsthat are not significantly different from that of aerobic mitochondria (p>0.1
with the 99% Confidence T Test, Supplementary Table S2B). Note that the lineage of MarineProteol lacks the A1
type COX1 and COX2 proteins that are shared by alphaproteobacteria and mitochondria[11]. The dashed red line at
the bottom of the plot indicates the median value of cumulative scores for the same aerobic traits obtained in the
genome of gammaproteobacteria such as Nitrococcus and Nitrosococcus, cf. Fig. 1.
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A SPT operonin proteobacteria

i aasR acyl-ACP synthetase, specialized
_ ksr  ketosphinganine reductase
I — = v acpR acyl carrier protein, specialized
aasR KsracpR  spt spt  serine palmitoyl-transferase

B phylogenetic tree of SPT in alphaproteobacteria and eukaryotes

5-aminolevulinate synthase Cavenderia outgroup
—— 5-aminolevulinate synthase Paramoeba outgroup
% SPT 'Odyssella’ sp. NEW MAG-112
SPT Alphaproteobacteria
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LCB2 yeast 3D
100 9
4‘; SPT LCB2 Eukaryotes
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———-—_ LCB1 inactive Eukaryotes
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—
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C phylogenetic tree of SPT in proteobacteria

—— WP 141856684 5-aminolevulinate synthase Elioraea Outgroup
WP 150062979 5-aminolevulinate synthase Roseospira Outgroup
— alphl%o'odyssella' sp. NEW MAG-112
Phreatobacter
Gamma Chromatiales & Nitrococcus
Alpha by LGT?
Kaustia mangrovi
Aestuariivirga
Gluconobacter oxydans
Methylocystaceae
Nitrospirillum & Aliidongia
SPT Niveispirillum }
SPT Caulobacter |Caulobacter & Rhodospirillaceae
SPT Roseospira
Emcibacterales
lodidimonadales
% Rhodothalassium
Sphingomonadales
Kordiimonadales

91

0.5

Figure 3. Genomics and phylogenetic trees of bacterial and eukaryotic SPT.

A. Representation of the four-genes operon comprising SPT found in proteobacteria, for example Caul obacter
[27,29]. B. Phylogenetic ML tree of SPT from alphaproteobacteria and various Eukaryotes, which have two
isoforms [28]: the catalytic LCB2 and the inactive LCB1. Paralog proteins of 5-aminolevulinate synthase are used
as outgroup providing the root of the tree. The alphaMAG originally named Odyssella sp. NEW MAG-112
(GCA_016792765.1) is not amember of the Holosporales, but of the order o_Bin65 according to GTDB taxonomy
[58]. Itisincluded here in the lineage of Emcibacterales & Zavarziniales for similar INDEL s profiles
(Supplementary Tables S2 and $4), and therefore labeled as * Odyssella’. C. ML tree of proteobacterial SPT
proteins, including nitrifying gammaproteobacteria such as Nitrococcus. Note the clustering of Caulobacter SPT
with homologs of Rhodospirillaceae, suggesting it may derive from LGT, considering also that other
Caulobacterales generado not have the trait - except for afew Phenylobacterium taxa (Supplementary Table S3).
The SPT of the betaproteobacterium Nitrosomonas [29] clusters with those of gammaproteobacteria, as found in
separate ML trees. Numbers indicate the strength of the nodes in percentage values of ultrafast bootstraps.
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A Lineage-specific distribution of the SPT operon
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Figure 4. Distribution of the SPT operon and spt plus kynU genes along alphapr oteobacterial lineages.

A. Distribution of the four-genes spt operon as determined by detailed genomic searches (Supplementary Table S3).
Note that Sphingomonadales, which are well known to produce ceramide lipids [27,28], are not represented because
they have different variants of the operon with at least one of its genes displaced in other genomic regions [27,29].
B. Frequency distribution of the combination of the spt and kynU genes, irrespective of their surrounding genes,
along the alphaproteobacterial lineages. Note that the majority of the eukaryotic taxaused for the analysisin Fig. 2
do have SPT proteins (Fig. 3B), while the distribution of the kynU geneis scattered [34].
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distribution of anaerobic traits in a selection of alphaproteobacteria
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Figure5. Distribution of the anaerobic traitsin a selection of alphapr oteobacteria

At least two representatives for each of the lineages of alphaproteobacteria considered here (cf. Fig. 2) are presented
in acompacted phylogenetic sequence from top to bottom. Several taxa were considered for Rhodospirillales and
SERIK group lineages, as well as the lineage of New clades [2], because they presented the highest concentration of
OFORs traits (Supplementary Fig. S3) as well as those for the anaerobic production of Q [2,37,38]. Traits boxed in
black sguares indicate the potential for de novo biosynthesis of RQ (seetext). The abbreviations for the various
traits are described in the legend boxes on the right. The traits of CoQ9 (q9) on the far left and of the chaperone of
complex Il (se) on the far right are used as reference common genes shared with mitochondria.
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Lineage-specific distribution of INDELS in respiratory proteins
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Figure 6. Distribution of conserved INDELsin 8 respiratory proteinsalong alphaproteobacterial lineages.
The plot shows the mean plus Standard Deviation (SD, represented by the error bars) of the conserved INDEL s

found in the catalytic subunits of complex 111 and IV, plus two subunits of complex | (Supplementary Table $4)
along alphaproteobacterial lineages. At difference with previous plots, the lineage of New clades (labelled as NEW
CLADES) is amalgamated to that of Sneathiellales because there is no statistically significant differencein the
INDEL s distribution of the separate lineages. The blue lineindicates athreshold just above the upper SD of
Pelagibacterales, as discussed in the text. Note that the mitochondrial homolog proteins of the eukaryotic taxain
Fig. 2 do not have these bacterial INDELSs (cf. Supplementary Fig. S4A) and are annotated as ancestral on the left.
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Supplementary Material
The Supplementary Material of this paper includes four Supplementary Figures and five Supplementary Tables.

Supplementary Figure S1. A. Synteny COX11-COX3 in the mtDNA of early-branching Eukaryotes, with
progressive distance by additional genes. B. Phylogenetic tree of M16B and MPP proteins. The ML tree was
reconstructed from an alignment of equal number (33) of bacterial M16B and eukaryotic MPP proteins, using the
best fit model LG obtained with the 1Q-Tree web server system [43]. Note that the isolated M16B of Rickettsia
conorii has been experimentally found to cleave mitochondrial pre-sequences as eukaryotic MPP proteins [21]. The
outgroup proteins belong to the UPB group that forms part of a syntenic diad of M16B metallopeptidases, which are
distinct from the M16.019 group closest to eukaryotic MPPbeta [22]. Similar trees were obtained with enlarged
alignments and the EX_EHO mixture model.

Supplementary Figure S2. M16B-1SP collinearity in the genome of some alphaproteobacteria.

Supplementary Figure S3. A. The lineage-specific distribution of the sums of all 2-oxoacid ferredoxin oxido
reductases (OFORYS) - not related to photosynthesis - is represented in mean plus SD values (cf. Figs. 5 and 6). B.
Comparison of the distribution of cumulative scores for aerobic traits (cf. Fig. 2) and the sums of OFORs anaerobic
traits along the lineages of alphaproteobacteria (Supplementary Table S2, rightmost column).* The median values
were subtracted by 6, the median of aerobic scores for gammaproteobacteria (Fig. 2).

Supplementary Figure $4. A. INDELsin COX3 sequences. The number before and after the INDEL s correspond
to the position in the alignment of diverse bacterial (top) and mitochondrial (bottom) COX3 proteins. B. Mapping of
the INDEL s of COX3 along aML tree of the protein. The ML tree was reconstructed from an alignment of 140
COX 3 sequences equivalent to that used in part A. It is representative of 20 similar trees obtained with different
models and slightly different combinations of aligned proteins.

Supplementary Table S1. MPP and related proteins in various eukaryotic taxa. Support for Fig. 1, shown directly
in the Supplementary Material .pdf file.

Other Supplementary Tables have been inserted in a datasheet deposited in figshare with the reference:
10.6084/m9.figshare.19768546

This datasheet contains the Supplementary Tables listed below, which are separate sheets of a single .excel file
deposited in figshare to complement the data and analyses of the manuscript entitled:
On the bacterial ancestry of mitochondria: new insights with triangulated approaches

Supplementary Table S2. Tabulation of 18 aerobic traits and their cumulative score in 15 al phaproteobacterial
lineages plus a set of aerobic mitochondria from eukaryotes. The rightmost column shows the sum values for the 2-
oxoacid ferredoxin oxidoreductases (OFORs) considered as traits of anaerobic metabolism.

Supplementary Table S2B. Statistical results of the T test on the lineage-specific scores of aerobic traits listed in
Table S2.

Supplementary Table S3. Distribution of pt (the gene for serine-palmitoyl transferases) and allied genes for
ceramide biosynthesis, as well as of kynU (gene for kynurenonase) and allied genes of the kynurenine pathway
among 15 lineages of alphaproteobacteria. When the kynA gene for tryptophan di-oxygenase gene lies in the same
genomic region of kynU it is annotated as 1.

Supplementary Table $4. Distribution of conserved INDEL s in the indicated respiratory proteins.
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