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Oxygen reducing terminal oxidases differ with respect to their subunit composition, heme groups, operon structure, and affinity for O2. Six families of terminal oxidases are currently recognized, all of which occur in alphaproteobacterial genomes, two of which are also present in mitochondria. Many alphaproteobacteria encode several different terminal oxidases, likely reflecting ecological versatility with respect to oxygen levels. Terminal oxidase evolution likely started with the advent of O2 roughly 2.4 billion years ago and terminal oxidases diversified in the Proterozoic, during which oxygen levels remained low, around the Pasteur point (ca. 2 μM O2). Among the alphaproteobacterial genomes surveyed, those from members of the Rhodospirillaceae reveal the greatest diversity in oxygen reductases. Some harbor all six terminal oxidase types, in addition to many soluble enzymes typical of anaerobic fermentations in mitochondria and hydrogenosomes of eukaryotes. Recent data have it that O2 levels increased to current values (21% v/v or ca. 250 μM) only about 430 million years ago. Ecological adaptation brought forth different lineages of alphaproteobacteria and different lineages of eukaryotes that have undergone evolutionary specialization to high oxygen, low oxygen, and anaerobic habitats. Some have remained facultative anaerobes that are able to generate ATP with or without the help of oxygen and represent physiological links to the ancient proteobacterial lineage at the origin of mitochondria and eukaryotes. Our analysis reveals that the genomes of alphaproteobacteria appear to retain signatures of ancient transitions in aerobic metabolism, findings that are relevant to mitochondrial evolution in eukaryotes as well.
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INTRODUCTION

The alphaproteobacteria are a large and diverse group of prokaryotes, members of which can grow under chemotrophic, phototrophic, lithotrophic, organotrophic, autotrophic, heterotrophic, parasitic, aerobic, anaerobic, or diazotrophic conditions (Garrity et al., 2005; Baldani et al., 2014; de Souza et al., 2014; Pujalte et al., 2014). Some alphaproteobacteria, in particular members of the Rhodospirillaceae (Baldani et al., 2014; Degli Esposti et al., 2016; Degli Esposti and Martinez-Romero, 2017), can do all of the above, depending on environmental conditions, the basis of physiological versatility residing in the presence, expression and regulation of genes encoded in the strain’s genome. Alphaproteobacteria display a wide spectrum of physiological traits central to energy metabolism and ecological adaptation, accordingly. They also have a special place in microbial evolution, because they are the bacterial group that brought forth the common ancestor of mitochondria (John and Whatley, 1975; Yang et al., 1985; Williams et al., 2007; Atteia et al., 2009; Abhishek et al., 2011; Thiergart et al., 2012; Degli Esposti et al., 2016) and hydrogenosomes (Martin and Müller, 1998; Müller et al., 2012) at the origin of eukaryotes.

Although the fossil record of prokaryotes is scant, alphaproteobacteria can be estimated to have a minimum age of roughly 2 billion years (Ga) from molecular dating of eukaryotes, since mitochondria originated from this class of proteobacteria. Fossil data place a minimum age on eukaryotes of 1.45 Ga (Javaux et al., 2001; Javaux and Lepot, 2018). Current molecular estimates for eukaryote age are in the range of 1.7–1.9 Ga (Parfrey et al., 2011; Betts et al., 2018). Because mitochondria were present in the eukaryote common ancestor (Embley and Martin, 2006; van der Giezen, 2009; Judson, 2017), alphaproteobacteria are at least as old as eukaryotes themselves (Betts et al., 2018).

Alphaproteobacteria not only participated in the origin of eukaryotic organelles (Ku et al., 2015), they have been coexisting with eukaryotes in Earth’s diverse environments for nearly 2 billion years. What kinds of environments? Views about the nature of Earth’s habitats over Ga time scales tend to focus on oxygen, for understandable reasons, because the appearance of oxygen changed the chemistry of the planet. Current consensus has it that cyanobacteria started producing oxygen at least 2.4 billion years ago (the great oxidation event, or GOE), although the initial onset might have begun slightly earlier at 2.7 Ga (Anbar et al., 2007; Lyons et al., 2014; Fischer et al., 2016).

Though O2 appeared in the geochemical record approximately 2.4 billion years ago, it took almost 2 billion years to accumulate to current levels in either the ocean or the atmosphere (Lyons et al., 2014; Fischer et al., 2016; Knoll et al., 2016; Javaux and Lepot, 2018). As a result, both eukaryotes and alphaproteobacteria existed in anoxic or low oxygen environments (Figure 1) for over a billion years before the critical rise of marine O2 at 580 million years ago, and the terminal rise of atmospheric O2 at 420 MY ago (Lenton et al., 2016). According to the ratio of Fe3+ to total Fe in hydrothermally altered basalts formed in ocean basins, Stolper and Keller (2018) estimated that deep-ocean oxygenation occurred as late as 541 million years ago and possibly as recently as 420 million years ago. Regardless of the exact timing of late deep-ocean oxygenation, oxygen had a substantial impact not only on the environment, but on the evolution of metabolism as well (Raymond and Segre, 2006; Sousa et al., 2016). It enabled the origin of O2-dependent biosynthetic pathways including cobalamin (Martens et al., 2002), chlorophyll (Sousa et al., 2013), and ubiquinone (Degli Esposti, 2017). The main contribution of O2 to metabolic pathways, however, was that it enabled the more complete oxidation of heterotrophic substrates than strictly anaerobic metabolisms or environments devoid of O2 and O2-derived high potential acceptors could support (Sousa et al., 2016).
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FIGURE 1. Oxygen in evolution. The figure summarizes selected major events in Earth history relating to the appearance of eukaryotic groups and the appearance of O2 in the atmosphere and in marine environments (see text, see also Mentel and Martin, 2008; Parfrey et al., 2011; Müller et al., 2012; Lyons et al., 2014; Fischer et al., 2016; Lenton et al., 2016). Note that in this diagram we do not interpret the light carbon signature at 2.4 Ga as a surge of high atmospheric O2 levels followed by an inexplicable decline to low levels (Lyons et al., 2014), rather we follow more traditional explanations of the light carbon surge involving methanogenesis (Hayes and Waldbauer, 2006).



Prior to the advent of O2, all organisms on Earth were anaerobes and therefore harbored many O2 sensitive enzymes. Although scenarios have been proposed in which micro-aerophilic environments might have occurred on early Earth (Ducluzeau et al., 2014), trace amounts of O2 produced abiotically in the atmosphere would rapidly react with reductants and metals in Hadean oceans, such that trace abiogenic O2 would be hardly available for biological use. This is especially true if primary production prior to the advent of chlorophyll based photosynthesis was fuelled by geochemical H2, as available data suggests (Sleep et al., 2011; Arndt and Nisbet, 2012; Martin et al., 2018). The presence of O2 conferred selective advantage upon genes for enzymes that could detoxify O2, such as soluble diaphorases and alternative oxidases that do not conserve energy (Müller et al., 2012), and for enzymes such as superoxide dismutase, rubredoxin, and rubrerythrin (superoxide reductase) that could help microbes deal with reactive oxygen species. The initial function of terminal oxidases might not have been bioenergetic, but the removal of ambient or cytosolic levels of O2 as a toxin (Baughn and Malamy, 2004; Forte et al., 2016); although today, typical O2 removal systems are soluble NAD(P)H oxidases (diaphorases) (Müller et al., 2012) or ferredoxin dependent O2 reductases such as flavodiiron proteins (Di Matteo et al., 2008; Smutná et al., 2009), rather than terminal oxidases. The advent of O2 also impacted prokaryotic evolution by conferring selective advantage upon genes for terminal oxidases that could reduce O2 in the context of energy conservation. Membrane bound, quinone and cytochrome dependent oxygen reductases, generally called terminal oxidases, subsequently were selected in such a way as to allow microbes to cope with different levels of O2 while extracting energy from O2 reduction using respiratory chains (Baughn and Malamy, 2004; Han et al., 2011; Morris and Schmidt, 2013; Ducluzeau et al., 2014) (Figure 2).
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FIGURE 2. Oxygen affinity and structure of terminal oxidases. The structure of the membrane terminal oxidases is rendered as silhouette derived from 3D and biochemical data. Symbols for the heme and metal centers are shown at the bottom. (A) The illustration reports the quantitative values of reported Km for oxygen in the indicated terminal oxidases. The values were taken from the primary literature (D’Mello et al., 1995, 1996; Jackson et al., 2007; Crichton et al., 2010; Krab et al., 2011; Miura et al., 2013; Ramel et al., 2013; Arai et al., 2014). Of note, the data for bo3 oxidase include Km values reported for E. coli (D’Mello et al., 1996) and organisms other than alphaproteobacteria (Jackson et al., 2007). The Km values for oxygen in the bo3 ubiquinol oxidases of alphaproteobacteria such as Gluconobacter are much higher than those in E. coli, from 3 to 7 μM (Miura et al., 2013; Richhardt et al., 2013); they are not considered in the graph for sake of clarity. (B) Geobacillus thermodenitrificans cytochrome bd ubiquinol oxidase (Safarian et al., 2016). (C) Pseudomonas stutzeri cbb3 oxidase (C family of HCO) from Buschmann et al. (2010). (D) E. coli bo3 ubiquinol oxidase of A1 type (Abramson et al., 2000). (E) Thermus thermophilus caa3 cytochrome c oxidase of A2 type (Lyons et al., 2012). (F) AOX (Shiba et al., 2013). (G) aa3 cytochrome c oxidase of Paracoccus denitrificans (Iwata et al., 1995), which is the reference bacterial protein for A1 type HCO (Pereira et al., 2001).



Five points concerning oxygen in evolution should be underscored in regard to bioenergetic and physiological evolution among prokaryotes,: (i) life started out anaerobically, (ii) anaerobes invented O2 production, (iii) anaerobes invented enzymes for protective O2 detoxification, (iv) anaerobes invented enzymes for bioenergetic O2 utilization, and (v) anaerobes integrated O2 reduction into the broader scheme of bioenergetic evolution. During that process, anaerobes became facultative anaerobes (Martin and Sousa, 2015), obligate aerobes coming last in Earth history. In the general course of physiological evolution, anaerobiosis is the ancient form of respiration, facultative anaerobes followed, and strict aerobes are the latest of the latecomers.

Terminal oxidases, the enzymes responsible for the complete reduction of O2 to water, can use quinols, reduced cytochrome c, copper proteins, or even high-potential iron-sulfur proteins (Pereira et al., 2001) as electron donors for the reduction of oxygen (Figure 2). They belong to three different superfamilies, the largest of which includes protonmotive heme copper oxidases (HCOs) (Pereira et al., 2001; Sousa et al., 2012; Morris and Schmidt, 2013; Ducluzeau et al., 2014). HCO enzymes are characterized by having in their catalytic subunit (subunit I) a low-spin heme and a binuclear center composed of a high-spin heme, a copper ion (CuB) and a catalytic tyrosine residue which is covalently linked to one histidine ligand of CuB. Based on the conservation of the number and fingerprints of their proton channels (Iwata et al., 1995), HCOs are classified into three main families: A, B, and C (Pereira et al., 2001) (Figure 3). This classification is independent of the kind of hemes present in the catalytic subunit of the enzymes, and broadly corresponds with domain and operon organization, phylogenetic trees, and with the biochemical properties and oxygen affinities of the enzymes. The A family is further subdivided into A1 and A2 oxidases. Although in terms of proton translocation and oxygen affinity there may be no difference between these two subfamilies, their taxonomic distribution across prokaryotic lineages differs. Among eukaryotes, only the A1 family is present (Sousa et al., 2012). The superfamily of cytochrome bd oxidases contains only heme groups (Borisov et al., 2011) and is subdivided in two types, the bd-I typical of E. coli and the cyanide insensitive oxidase (Cio) typical of Pseudomonas (Cunningham et al., 1997), which have different evolutionary histories (Degli Esposti et al., 2015) and oxygen affinity (Figure 2A). The third superfamily is comprised of the alternative oxidases (AOX) of bacteria, plastids and mitochondria which oxidize quinols but do not contribute protonmotive force (Pennisi et al., 2016). Morris and Schmidt (2013) found that terminal oxidases other than AOX are present across many bacterial phyla.
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FIGURE 3. Comprehensive classification of family A and B terminal oxidases of the HCO superfamily including their operon organization. The figure shows examples of the different synteny organizations discussed in this paper. For comparative purposes, operons belonging to lineages outside of alphaproteobacteria are also shown.



Which group of prokaryotes first invented terminal oxidases? Common sense would have it that cyanobacteria, which are the source of all environmental O2, might have been the first group to evolve terminal oxidases because they were the first organisms on Earth to come into contact with O2. Indeed, many terminal oxidases occur in cyanobacteria, including A2, C and bd, with A2 type being the most common (Schmetterer, 2016). However, additional terminal oxidases that are widespread in proteobacteria and other phyla are lacking in cyanobacteria (Soo et al., 2017). In particular, cyanobacteria studied so far lack HCO terminal oxidases that belong to the A1 type and to family B (Pereira et al., 2001). Hence, these terminal oxidases likely evolved in other prokaryotic groups and then rapidly spread across different phyla via lateral gene transfer, LGT (Soo et al., 2017). Terminal oxidases together with complete bacterial respiratory chains have even migrated via LGT from the bacteria into the archaea (Nelson-Sathi et al., 2012; Wagner et al., 2017). All six types of terminal oxidases currently known are present in alphaproteobacteria (Figure 2).

In modern environments, the distribution of terminal oxidases among bacteria reflects lateral gene transfer and specialization to various ecological niches harboring different oxygen levels (Morris and Schmidt, 2013). In eukaryotes, the presence of terminal oxidases and enzymes of anaerobic energy metabolism also reflects ecological specialization, but due to differential loss, not lateral gene transfer (Müller et al., 2012; Martin, 2017). Here we investigate the number and nature of O2-reducing terminal oxidases in respiratory chains among sequenced and metagenomics-characterized alphaproteobacteria in order to survey energy metabolic diversity in the ancient lineage from which mitochondria arose.

RESULTS AND DISCUSSION

Distribution, Expansion, and Loss of Terminal Oxidases in Alphaproteobacteria

While Morris and Schmidt (2013) searched genomes of predominantly cultured bacteria for the presence of terminal oxidases, here we focussed on alphaproteobacteria and metagenomic genome assemblies encoding >1000 proteins (Supplementary Figure S1 and Supplementary Table S1). Genome completeness was evaluated with different methods (Rinke et al., 2013; Simão et al., 2015) and taxa showing less than 90% coverage were subsequently excluded from further analysis (Supplementary Table S1 and Supplementary Figure S1). Ambiguous cases, for example when only one of the two catalytic subunits of cytochrome bd oxidase was present in genomes more than 90% complete, are indicated in light gray. The distribution of terminal oxidases among sequenced and metagenomic alphaproteobacterial genomes are given in Supplementary Table S1. Within our alphaproteobacterial dataset, we have found all six types of O2-reducing terminal oxidases. These complexes differ in their basic structure, subunit composition, redox groups, oxygen affinities and are widely distributed among microbes (Sousa et al., 2012; Degli Esposti, 2014; Ducluzeau et al., 2014; Marreiros et al., 2016). They are classified here on the basis of the widely recognized classification of HCO (Pereira et al., 2001; Sousa et al., 2012) and not on the kind of cytochromes (heme binding proteins) they contain. The heme classification, although important for historical reasons (Ferguson, 2001), often does not correlate with the functional proprieties of the enzymes. Moreover, it was shown that the QoxABCD from Staphylococcus aureus can assemble in vivo as a functional aa3 or bo3 enzyme according with the type of hemes produced in the cell (Hammer et al., 2016). Nitric oxide reductases (NORs) are evolutionarily related to the oxygen reductases and are considered as part of this superfamily (García-Horsman et al., 1994; Sousa et al., 2012; Ducluzeau et al., 2014) although performing a different reaction, the reduction of NO to H2O and N2O. In this work they were considered only in the initial survey (Supplementary Table S1). Our results indicate that the most common terminal oxidases within alphaproteobacteria belong to the A1 and C family of HCO, as previously noticed using complete genomes (Sousa et al., 2012). However, the new metagenomic diversity allowed us to extend the taxonomic distribution of the B type family to other alphaproteobacterial orders, such as Rhodobacterales and Rhodospirillales (Supplementary Table S1).

In a second step, the terminal oxidases were divided into low affinity and high affinity types on the basis of their different oxygen affinities (Figure 2). The high affinity oxidases include the bd-I type and C family oxidases, which have a Km for O2 in the nanomolar range (D’Mello et al., 1996; Pitcher and Watmough, 2004; Morris and Schmidt, 2013; Arai et al., 2014). The low affinity oxidases include the Cio type of bd oxidases, HCO oxidases belonging to family A, and AOX oxidases (Figure 2). Although, to our knowledge, values of Km for B family oxidases have not been reported so far, these enzymes are thought to have affinity for oxygen between that of family C and family A (Giuffrè et al., 1999; Radzi Noor and Soulimane, 2012) and were considered to be of intermediate oxygen affinity. Only AOX have Km values for oxygen that are clearly higher than the Pasteur point (Figure 2 cf. Pennisi et al., 2016). A1 type oxidases including the mitochondrial cytochrome c oxidase (Krab et al., 2011) have Km values for oxygen that are close to the Pasteur point, for example 4 μM (Arai et al., 2014), while A2 type oxidases have Km values lower than the Pasteur point, for example 0.62 μM for Desulfovibrio (Ramel et al., 2013). A simple suggestion is that high affinity oxidases arose first in evolution in response to low O2 levels, that low affinity oxidases arose late in evolution when O2 had accumulated, and that B family oxidases could constitute an intermediate step in bacterial adaptation to increasing O2 levels after the GOE (de Vries and Schröder, 2002; Sharma and Wikström, 2014) (Figures 3, 4, and also Supplementary Table S1). As can be observed in Supplementary Table S1, the combination of oxidases differs significantly within the taxonomic family, and sometimes even within the same genus, reflecting the mosaic nature of aerobic prokaryotic chains.
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FIGURE 4. Distribution of terminal oxidases and various anaerobic traits shared between 20 bacteria and 10 eukaryotes in a selection of taxa representative of various lineages and metabolic combinations. The list of taxa includes representatives of the four categories of alphaproteobacteria that have been defined on the basis of the presence and oxygen affinity of terminal oxidases, as presented in the Section “Results and Discussion.” The taxa were selected from those listed in Supplementary Figure S1 to provide the broadest combinations of metabolic traits, which additionally included several traits of anaerobic metabolism that are shared with some eukaryotes (Atteia et al., 2013). The accession numbers for the key proteins that define each trait are listed in Supplementary Table S2; the distribution of ASCTI, malic enzyme, and fumarase (Müller et al., 2012) are not shown because they are widespread among the taxa considered (Supplementary Table S2) and to simplify the graph.



On the basis of these simple operational criteria, genomes were sorted into four categories: (I) without oxidases; (II) containing only high affinity oxidases, bd-I quinol oxidase and C family cbb3 cytochrome c oxidase; (III) containing a mixture of high, intermediate and low affinity oxidases, and; (IV) containing only low affinity oxidases of the A1 family (with/without AOX) (Figure 4). An exception was made in the case of Alphaproteobacteria bacterium GWF2_58_20, whose genome encodes a putative AOX. However, all the remaining anaerobic traits present in this organism point to a strict anaerobic lifestyle and the presence of an AOX gene is most likely due to contamination. Thus, this organism was classified as strict anaerobe.

In Figure 4, representative alphaproteobacterial genomes were grouped by their tendency to reflect low oxygen (anaerobes), intermittent oxygen (facultative anaerobes) and high oxygen (low affinity oxidases) ecological strategies. The genus Azospirillum contains organisms whose metagenomic records indicate absence of all terminal oxidases and therefore can be categorized as strictly anaerobes, as shown at the top of Figure 4 (Azospirillum sp. CAG:239; see also Degli Esposti et al., 2016), but it also harbors diazotrophic organisms that possess low, high and intermediate affinity terminal oxidases such as Azospirillum brasilense, broadly categorized as facultatively anaerobes as shown in the middle of Figure 4. The collection of terminal oxidases in Azospirillum is thought to reflect pervasive contributions of LGT to their genomes (Wisniewski-Dyé et al., 2011), whereas the complete loss of terminal oxidases in other Azospirillum species and their relatives living in anaerobic niches presumably derives from ecological adaptation to anaerobiosis.

Roseospirillum parvum and Rhodobacter capsulatus appear in category II, but most likely have lost a low affinity A1 type oxidase since all the other members of their family have one or more of such oxidases (Supplementary Table S1). Accordingly, category II should include only taxa from the Rhodospirillaceae family plus some unclassified alphaproteobacteria. No member of the alphaproteobacteria sampled here has the high affinity bd-I as its sole terminal oxidase (Figure 4, Supplementary Figure S1 and Table S1). Conversely, Magnetococcus, the deepest branching alphaproteobacterium in some phylogenetic analyses (Esser et al., 2007; Degli Esposti et al., 2015; Ji et al., 2017), has a single C family oxidase of the cbb3 type. Although Magnetococcus marinus shares magnetotaxis with Magnetospirilli, its anaerobic traits overlap with those of photosynthetic R. rubrum and Phaeospirillum, which do not have low or intermediate affinity oxidases and thus fall into category II (Figure 4, top, and Supplementary Figure S1). These members of the Rhodospirillaceae family can thus be considered among the ones containing ancient anaerobic traits of the class, from a physiological standpoint.

Distribution of Anaerobic Traits Shared With Eukaryotes

For 100 selected lineages, we included enzymes of anaerobic energy metabolism germane to mitochondria and eukaryotes, in order to obtain a better picture of (facultative) anaerobic capacities within alphaproteobacteria (Figure 4). Additionally, we analyzed other bioenergetic systems that react with the same substrates of terminal oxidases, ubiquinol, and cytochrome c, plus the biosynthesis of membrane quinones (Degli Esposti, 2017). The presence of enzymes involved in anaerobic energy metabolism in eukaryotes is indicated in black (Figure 4 and cf. Supplementary Table S2). These enzymes are usually expressed in mitochondria, though sometimes in the cytosol (Müller et al., 2012) or in plastids in algal lineages (Atteia et al., 2013). The soluble enzymes of anaerobic fermentations have been retained in many different eukaryotic lineages and trace to the eukaryote common ancestor, they are also widespread among generalist alphaproteobacteria, underscoring the facultative anaerobic lifestyle of the eukaryote common ancestor and the role of its mitochondria in aerobic and anaerobic energy metabolism (Mentel and Martin, 2008; Müller et al., 2012). Among the surveyed genomes, none possess all the traits currently found in eukaryotic organisms, highlighting the continuous evolution and diversification of these lineages to different environments. In all surveyed genomes containing an A1 HCO, genes belonging to Complex I, II, and III, present in modern mitochondria were also found. In addition, many contained C type oxidase and genes predominantly associated with low oxygen or anaerobic lifestyles (see Supplementary Table S2 and Figure 4). As expected, within the group II organisms having only high affinity oxidases, a higher number of genes related with anaerobic traits was found, namely FeFe-hydrogenases and HydEFG complex which are mainly absent in organisms containing A1 type oxidase.

Operon Organization of Alphaproteobacterial Terminal Oxidases

The genomic organization and its conservation can give clues regarding not only functional association of the genes but also regarding their evolutionary history. In the case of terminal oxidases, accessory proteins tend to be in genomic proximity to the catalytic subunits of the enzymes. However, due to genomic rearrangements, lack of gene synteny per se does not imply lack of functional association nor different evolutionary history along the broad time scales discussed in here. In the course of this work we encountered several operon subtypes of both A and B families of HCO that can be distinguished by the different sequence of the catalytic and accessory subunits. Some of these subtypes corresponded to previously introduced COX operon types (Degli Esposti, 2014) that for standardization of the nomenclature were here named according to the classification introduced by Pereira et al. (2001). Leaving aside the C family that appears to be more compact than other families (Sousa et al., 2012; Ducluzeau et al., 2014), family A includes two well defined subgroups, type A1 and type A2 (Pereira et al., 2001). According to their genomic organization, each of these types can be divided into several synteny subtypes, as shown in Figure 3. Therefore, and to express this feature, the variants of A family oxidases have a binomial nomenclature, in which the type is equivalent to a genus name and the subtype is equivalent to the species name of an organism (Figure 3). Following this binomial system, we have found in Magnetovibrio blakemorei an A2 type oxidase with a CyoCAB operon. The COX1 proteins of the previously known COX operon type a-I (the gene cluster typically associated with Act, cf. Refojo et al., 2010; Degli Esposti, 2014) are of A2 type, subtype a-I operon. Within our dataset, this operon was found in Azospirillum brasilense sp7 and Inquilinus limosus, two members of the Rhodospirillales order (Supplementary Table S2). The previously named COX operon type a and a-II (here A1 oxidases, subtype a) and the COX operon type a-III (the gene cluster with a characteristic doublet of COX3 homologs – Degli Esposti, 2014) named here as A1 type, subtype a-III were not so commonly found within the surveyed genomes. On the contrary, the mitochondria-like A1 oxidases containing the subtype b operon were found to be widely distributed among the group III and IV of the surveyed alphaproteobacterial genomes. Of note, Magnetospirilli have their own variant of the latter subtype that lacks the CtaB gene for accessory protoheme-farnesyl transferase, which is normally inserted between the gene for COX1 and that for CtaG (Degli Esposti, 2014) (see below). The conservation of operon structure is not restricted to alphaproteobacteria and variants of the A2 family have been previously found in deltaproteobacteria (subtype delta), cyanobacteria (subtype CyoBAC, cf. Soo et al., 2017) and Chloroflexi (subtype chloroflexian) to name a few. The diversity of operons found within this dataset argues in favor of a complex history and/or genomic reorganizations that occur within the genomes of alphaproteobacterial organisms throughout the evolution of this trait. Interestingly, the widespread presence of the A1 type b operon across organisms containing at least one A1 type oxidase contrasts with the scant distribution of A2 type oxidases among alphaproteobacteria (Figure 1 cf. Supplementary Table S1).

Magnetospira and Magnetovibrio Look Like Living Fossils

Magnetovibrio and Magnetospira are marine Rhodospirillaceae distantly related to freshwater Magnetospirillum species. Recently, the polyphyletic nature of Rhodospirillaceae was shown by extended phylogenetic analysis (Parks et al., 2018). This family contains a variety of taxa with widely different physiology, as also indicated from our data (Figure 4). In the case of Magnetovibrio and Magnetospira, however, the physiological properties of aerobic metabolism are unique to both the family and the whole class of alphaproteobacteria – with the exception of another magnetotactic organism, Terasakiella sp. PR1 or magnetica, whose genome is less than 60% complete (Supplementary Table S1). Like all Magnetospirilli, these organisms thrive in low oxygen, around 1 μM O2, but have a more pronounced anaerobic metabolism than Magnetospirillum strains (Williams et al., 2012; Bazylinski et al., 2013; Ji et al., 2014; Li et al., 2014). Their genome contains the A2 type CyoCAB operon that is related to the A2 oxidase from Aquifex (Figure 5) (Prunetti et al., 2011) instead of the A1 type oxidase of other Magnetospirilli (Degli Esposti, 2014). This operon contains multiple genes coding for SCO proteins, for synthesis of cytochrome c oxidase (Schulze and Rödel, 1988), which bind and transport Cu and are normally involved in the assembly of the binuclear CuA present in subunit II of non-quinol oxidizing HCO enzymes from the A and B family (Banci et al., 2007; Sousa et al., 2012). SCO genes are also present in gene clusters fused with the Alternative Complex III (Act) which corresponds to the subtype a-I operon. The subtype a-I operon is distributed among alpha-, gamma- and also deltaproteobacteria (Refojo et al., 2010; Degli Esposti, 2014) and is usually associated with genes coding for A2 oxidases enzymes (Refojo et al., 2010) (Figure 3).
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FIGURE 5. Graphical representation of gene clusters of A and B family terminal oxidases of the HCO superfamily. The gene clusters were graphically represented as before (Degli Esposti, 2014) with different color for each variants of catalytic subunit. Of note, among alphaproteobacteria the CyoCAB operon oxidase is present also in Terasakiella sp. PR1 (Supplementary Figure S1), a species previously classified among the Rhizobiales that has magnetotactic features, and metagenomic assembled genomes of other classes that remain poorly characterized. See Supplementary Figure S2 for phylogenetic trees.



SCO proteins are found in the gene cluster of the A2 oxidase CyoCAB operon and in the operon of the putative B type (ba3-a1) oxidase present in Magnetospirilli (Figure 5). Interestingly, this and additional sequences which tend to form a sister clade of bona-fide B oxidases lack the catalytic tyrosine responsible for the full reduction of O2 to water. Although none has been biochemically characterized to date, according to the O2-reductases community (see for instance Ducluzeau et al., 2014) the function of the enzyme as O2 reductase is questioned and indications (albeit indirect) regarding their nitric oxide activity exist, such as the increase in transcription levels under conditions that favor nitric oxide production (Cho et al., 2006). Thus, we opt to consider this enzyme as a degenerate B family oxidase, a broad term encompassing diverse forms of oxidases that may have lost the oxygen reductase function of HCO or specialized different one, and whose in vivo function awaits biochemical characterization. In the other alphaproteobacteria here surveyed, the SCO proteins are not in gene clusters for either A and B family oxidases, but located elsewhere in the genome, as seen in the cases of P. denitrificans and Rhodobacter sphaeroides genomes (Dash et al., 2015). Conversely, SCO proteins are often present in B and A2 type operons (Figures 3, 5) of alphaproteobacteria possessing various anaerobic traits (Figure 4). Cu is absolutely required for the assembly of HCO (Ducluzeau et al., 2014; Bhagi-Damodaran et al., 2017) and has low bioavailability in oceans (Anbar, 2008). Indeed, bacteria that thrive under euxinic conditions, for example sulfate-reducing Desulfovibrio, encode SCO proteins in the operon of their A family oxidases (Figures 3, 5; see also Ramel et al., 2015). It is therefore possible that the A2 oxidase containing the rare CyoCAB operon enriched in SCO genes of Magnetovibrio and Magnetospira constitutes a relic of ancient euxinic conditions in proterozoic oceans, which has survived in their genome. Of note, SCO genes were also previously found in some beta- and gammaproteobacterial A1 type oxidases with subtype b operons (Banci et al., 2007; Degli Esposti, 2014).

Cu Assembly Proteins and the Acquisition of Low Affinity Terminal Oxidases

Copper holds clues about oxygen history. The reason is that Cu has extremely low bioavailability (ca. 10-17 M) in the presence of sulfide (Williams and Fraústo Da Silva, 2003; Decker and van Holde, 2011), as has been common in anoxic conditions for as long as sulfate reducers have existed. Strict anaerobes are generally devoid of Cu-containing proteins (Ridge et al., 2008). An adage among physiologists has it that “copper is late,” meaning that the presence of Cu in a protein indicates an origin subsequent to the origin of O2. Although Proterozoic deep ocean chemistry following the GOE is thought to have been dominated by anoxic conditions (Reinhard et al., 2013), coastal surface waters might have had oxygen gradient zones (Poulton et al., 2010; Bazylinski et al., 2013). Except for NOR, all HCOs require Cu. Copper is also present in the catalytic site in methane monooxygenase (an O2-dependent enzyme) and in enzymes of the denitrification pathway (Ridge et al., 2008). Assembly proteins distantly related to the transmembrane type of ctaG which assists HCO oxidases are required for Cu assembly in these proteins (Lawton et al., 2016).

The insertion of the Cu atom in the oxygen-reducing binuclear center requires the action of Cu assembly proteins (chaperones) that belong to two different families: the Caa3_CtaG transmembrane proteins (PFAM family PF09678) first characterized in Bacillus (Bengtsson et al., 2004) and the CtaG_Cox11 family of periplasmic Cu assembly proteins (PFAM family PF04442), which are close homologs of eukaryotic Cox11 (Banci et al., 2004). Different Cu assembly proteins can be present either in isolated gene clusters or within different operon subtypes of A oxidases, similarly to SCO proteins (Figure 6). CtaG proteins that are in isolated gene clusters tend to branch deep in phylogenetic trees (M.D.E., unpublished data). Members of the Caa3_CtaG family are distantly related to Deinococcus proteins involved in the CopCD system used for eliminating Cu toxicity (Lawton et al., 2016) and are found in Rhodospirillaceae, Chloroflexi, Bacilli and various other bacteria. In alphaproteobacteria, Caa3_CtaG are often associated with A1 oxidases containing subtype a operons (Figure 5 and results not shown). In a phylogenetic analysis considering mainly alphaproteobacteria, it was observed that COX1 and COX3 subunits of A1 type subtype a tend to branch earlier than those of A1 type subtype b operon, suggesting that the former were present earlier during alphaproteobacteria evolution (Degli Esposti, 2014). However, it cannot be excluded that these operons are present within other taxonomic affiliations, whose inclusion in the tree might show a different topology.


[image: image]

FIGURE 6. Distribution of Cu assembly proteins of different families along various alphaproteobacteria. Taxa were selected from Supplementary Figure S1 and Figure 4 to represent all major variations in the combination of Cu-binding assembly proteins that are present in alphaproteobacteria, either in isolated gene clusters or associated with diverse operon subtypes of HCO oxidases (see text).



Based on their phylogenetic distribution, CtaG_Cox11 proteins, which so far only have been found in proteobacteria and mitochondria, appear to have originated within the proteobacteria (Banci et al., 2004, 2007). The distribution of different Cu assembly proteins among selected organisms is shown in Figure 6. Although many SCO genes are not directly associated with terminal oxidase genes, there is a preference of genomic localization of SCO proteins with B and A2 family over A1 enzymes. In the same way, Caa3_CtaG and CtaG_Cox11 genes are preferentially in the proximity of A1 type genes. During evolution, SCO proteins could have undertaken the insertion of Cu in the binuclear center, a function conserved for C oxidases (Banci et al., 2007; Thompson et al., 2012) and A2 oxidases from deltaproteobacteria. The bo3 ubiquinol A1 oxidases, present in many alphaproteobacteria other than Magnetospirilli (Figure 4), lack SCO proteins (Figure 5, cf. Degli Esposti, 2014) since its subunit II lost the residues necessary for CuA binding (Abramson et al., 2000; Pereira et al., 2001).

Our results suggest that the CtaG_Cox11 proteins in the dataset of the study are restricted to either the gene clusters of the A1 oxidases or scattered in the genomes of alphaproteobacterial having only A1 oxidases (Figure 6 and data not shown). This might support the proposal that, in the alphaproteobacterial class, A1 oxidases may have been present later than B and A2 type oxidases. However, it cannot be entirely excluded that the observed organization of A2 operons are the result of a recent acquisition, for instance from Deltaproteobacteria with whom these organisms share operon similarities, followed by genomic rearrangements. Conversely, the distribution of CtaG_Cox11 proteins indicates that they might have originated within the alphaproteobacterial class, confirming earlier reports (Banci et al., 2004, 2007). This evidence can also be correlated with the structure and lower affinity of CtaG_Cox11 vs. the other form of the CtaG protein, as well as to the evolution of oxygen levels on earth (Figure 1). The dimeric structure of the CtaG_Cox11 protein indicates that the Cu atom in each monomer is bound to two conserved Cys residues exposed to the periplasm (Banci et al., 2004). This implies that the activity of this protein most likely requires non euxinic conditions, since the excess of sulfhydryl groups in euxinic oceans would have out-competed CtaG_Cox11 proteins for the binding of Cu and its delivery to nascent cytochrome c oxidases. In contrast, sequence alignment of diverse Caa3_CtaG proteins shows the presence of multiple conserved His, Asp, and Met residues that could function as Cu ligands as in CopCD proteins (Lawton et al., 2016). This type of Cu ligation is tighter than that of the CtaG_Cox11 protein and would compete well for Cu binding and delivery under euxinic conditions. Given these biochemical features, we surmise that Caa3_CtaG proteins might have evolved earlier and under more anaerobic conditions than CtaG_Cox11 proteins. Consequently, the analysis of the differential distribution of the diverse Cu assembly proteins (Figure 6) can reveal clues on the evolutionary origin of low affinity terminal oxidases. Our finding that CtaG_Cox11 proteins in the dataset of the study are restricted to either the gene clusters of low affinity A1 type oxidases or scattered in the genomes of alphaproteobacteria having only A1 oxidases (Figure 6) indicate that these oxidases might have been present in alphaproteobacteria later than B and A2 type oxidases.

Alphaproteobacterial HCOs: Can O2 Affinity Provide a Clue for Their Evolution?

There are two main views about terminal oxidase evolution among prokaryotes. One is that terminal oxidases were present in the last universal common ancestor (LUCA) and have been inherited vertically along microbial lineages during evolution, such that their distribution is the result of lineage divergence (Castresana and Saraste, 1995; Brochier-Armanet et al., 2009). The other is that life started off anaerobically and stayed anaerobic until the advent of oxygen-producing photosynthesis about 2.4 billion years ago (Fischer et al., 2016), whereby LGT subsequently distributed terminal oxidases among prokaryotic phyla, rendering their modern genomic distribution independent, to a large extent, of their evolutionary origin (Martin and Sousa, 2015; Soo et al., 2017; Weiss et al., 2018). LGT is a very real and pervasive process in the prokaryotic world (Wagner et al., 2017) and over long time spans it decouples physiology from phylogeny, both for photosynthesis (Brinkmann et al., 2018; Martin et al., 2018) and respiration (Figure 4).

The terminal oxidases of alphaproteobacteria differ in terms of oxygen affinity along a scale of Km values ranging from nanomolar to micromolar (Figure 2A). For comparison, the O2 concentration in seawater at equilibrium with our present 21% v/v atmosphere at 25°C is on the order of 250 μM (Morris and Schmidt, 2013). Modern O2 levels arose late in evolution, however. During the time in which oxidases arose and diversified, roughly 2.4 billion years ago to circa 600 million years ago, atmospheric O2 was roughly 1% of present atmospheric levels (∼0.2% v/v) or less (Lyons et al., 2014; Javaux and Lepot, 2018; Stolper and Keller, 2018). Oxygen content corresponding to 1% PAL is very close to the Pasteur point (2.2 μM, 1% of present atmospheric level), the O2 concentration at which facultative anaerobes like E. coli start to respire O2 (Ducluzeau et al., 2014).

Here we have suggested that oxygen reductases of differing O2 affinity might have arisen in accordance with oxygen availability, with high affinity enzymes having emerged first and low affinity enzymes coming later in evolution. Because lateral gene transfer has substantial impact on terminal oxidase evolution (Soo et al., 2017), straightforward phylogenetic evidence to support our suggestion is generally problematic and ecophysiological factors bear heavily on terminal oxidase distribution. Han et al. (2011) proposed that adaptation from high O2 to low O2 environments could have been significantly impacted by bioenergetic factors. They pointed out that the four electron O2 reduction reaction is sufficiently exergonic at 1 nM O2 such that the low proton pumping stoichiometries typical of B- and C-type families is not a result of thermodynamic constraint, and furthermore that improved O2 diffusion to the active site of the B- and C-family enzymes might maintain physiologically relevant reaction rates at low O2 concentrations. Han et al. (2011) also stressed that the presence of different terminal oxidases in the genomes of many bacteria indicate physiological relevance, because bacteria typically do not maintain functionally related genes or operons without good physiological reason. Hence, our general reasoning is similar to that reported by Han et al. (2011), although the vector of O2 adaptation that we propose — from low to high O2 environments during geological time (Figure 1) — differs and the two interpretations, while both being physiologically founded, are by no means mutually exclusive.

CONCLUSION

Both alphaproteobacteria and eukaryotes arose and diversified during a phase of Earth history in which oxygen levels were lower than today (Figure 1). Both lineages were highly diversified when oxygen made its rise to modern levels roughly 430 million years ago (Lenton et al., 2016; Stolper and Keller, 2018). Accordingly, most of alphaproteobacterial history and most of eukaryotic history can be summarized as “life at the Pasteur point,” which fits well with the distribution of aerobic and anaerobic eukaryotic lineages (Müller et al., 2012). It seems reasonable to propose that terminal oxidases of differing O2 affinity arose in a temporal sequence, from high affinity to low affinity following the gradual emergence of O2. LGT has distributed terminal oxidases from bacteria to archaea, yet the different Cu assembly proteins figure into evolutionary transitions in oxygen utilization within alphaproteobacteria. The distribution of terminal oxidases of differing oxygen affinity, often co-occurring with enzymes of anaerobic fermentations (Figure 4), reveals that biochemical traces of the anaerobic past may be still preserved in alphaproteobacterial genomes. A strictly aerobic metabolism similar to that typical of mammalian mitochondria is rare among alphaproteobacteria and is best understood as a result of ecological specialization to continuously aerobic habitats: life on land and above the soil line over the last 430 MY. In summary, different lineages of alphaproteobacteria and eukaryotes have undergone evolutionary specialization to high oxygen, low oxygen, and anaerobic habitats, and some have remained facultative anaerobes that are able to generate ATP with or without the help of oxygen. This physiology is still predominant in sequenced extant alphaproteobacteria and, by inference, also in their lineages from which mitochondria evolved.

MATERIALS AND METHODS

Sequence searches were undertaken with two independent complementary approaches that were then merged in a consensus picture for the presence or absence of aerobic and anaerobic traits in bacterial and eukaryotic genomes. The first approach consisted in genome-wide, computer-assisted analyses using reference proteins that are representative of metabolic traits, or each subunit of the various terminal oxidases as queries in Blast searches (Altschul et al., 1997). As a general rule, the protein searches had a threshold of 25% sequence identity and/or E-values below 1e-10 (Atteia et al., 2013; Marreiros et al., 2013; Martin and Sousa, 2015). HCOs were classified into the different families using the same approach as in Sousa et al., 2012).

The second approach was based upon searches in the NCBI protein and gene webpages using multiple keywords that had empirically shown to retrieve most of the homologs of a given protein in previous works (Degli Esposti, 2014, 2017; Degli Esposti et al., 2015). Protein homologs of each query were recognized by their conserved domain structure (CDD, Marchler-Bauer et al., 2015) and hydropathy profile using the server TMpred1 (Degli Esposti et al., 2015). In several cases, manually curated sequence alignments were additionally used to refine the assignment of candidate homologs (Degli Esposti, 2017). Searches were extended to comparable sets of all other classes of proteobacteria and all available genomes of Nitrospirae. The results of the two approaches were then combined and all cases of discrepancy carefully examined for potential sources of false negatives or positives, as well as human and computer errors. Remaining cases of potential ambiguity with respect to presence or absence of a given trait, for instance the presence of only one of the two catalytic subunits of bd oxidase in genomes more than 90% complete, were rendered in light gray in display material such as Figure 4.

A initial literature search identified around 200 genomic records to be analyzed. The initial set of alphaproteobacterial genomes was compiled from taxa that are predominantly uncultured, unclassified or derived from metagenomic assemblies, have around 1000 or more coded proteins, and could represent all known families and genera of the alpha class (Supplementary Table S1). This set was subsequently streamlined to 100 taxa (Supplementary Figure S1) with complete or high quality genomes having more than 90% genome coverage and at least 16 tRNA genes, as recently recommended (Bowers et al., 2017). Genome completeness was evaluated with different methods (Rinke et al., 2013; Simão et al., 2015) and taxa showing less than 90% coverage were excluded from analysis (Supplementary Table S1). The genomes of 10 eukaryotic taxa were additionally analyzed for the same traits (Figure 4) to expand and refine previous studies (Atteia et al., 2013).

The presence of terminal oxidases was color coded with increased intensity of blue following their decreased affinity for oxygen (Figures 1, 2, 4). Other bioenergetic traits were coded with various colors (cf. Degli Esposti and Martinez-Romero, 2017), while various anaerobic traits that are present in some eukaryotes and bacteria (Atteia et al., 2013) were rendered in black. The absence of a trait was always presented as a white box. See the legend of Figure 4 for further details on the definition of the examined traits.

Multiple sequence alignments were calculated using Clustal (Larkin et al., 2007) and maximum likelihood (ML) phylogeny reconstructed in IQ-tree (iqtree-omp version 1.5.5, Nguyen et al., 2015) with the best model (LG + I + G4) and 1000 bootstrap replicates. In addition, for selected sequences, further phylogenetic analysis was conducted as previously described (Degli Esposti et al., 2016; Degli Esposti, 2017) by combining preliminary Neighbour Joining (NJ) trees produced by wide Blast searches of HCO protein subunits with subsequent phylogenetic reconstruction using the program MEGA5 with selections of proteins that closely matched the topology of the preliminary trees. Such reconstructions were carried out with either the NJ or the ML approach using the standard Dayhoff scale of amino acid substitution and a minimum of 400 bootstrap replicates.

AUTHOR CONTRIBUTIONS

MDE and WM contributed conception of the study. MDE, WM, MM, and FS designed the study. MDE and FS performed bioinformatics analysis. All the authors contributed to the writing and revision of the manuscript, and read and approved the submitted version.

FUNDING

WM thanks the European Research Council (AdvGr 666053) and the Volkswagen Foundation (93 043) for financial support. FS work is supported by the Wiener Wissenschaft und Technologiefonds (VRG15-007). MM thanks the Slovak Grant Agency VEGA No. 1/0798/16.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2019.00499/full#supplementary-material

FOOTNOTES

1	https://embnet.vital-it.ch/software/TMPRED_form.html

REFERENCES

Abhishek, A., Bavishi, A., Bavishi, A., and Choudhary, M. (2011). Bacterial genome chimaerism and the origin of mitochondria. Can. J. Microbiol. 57, 49–61. doi: 10.1139/w10-099

Abramson, J., Riistama, S., Larsson, G., Jasaitis, A., Svensson-Ek, M., Laakkonen, L., et al. (2000). The structure of the ubiquinol oxidase from Escherichia coli and its ubiquinone binding site. Nat. Struct. Biol. 7, 910–917. doi: 10.1038/82824

Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. 25, 3389–3402. doi: 10.1093/nar/25.17.3389

Anbar, A. D. (2008). Oceans. Elements and evolution. Science 322, 1481–1483. doi: 10.1126/science.1163100

Anbar, A. D., Duan, Y., Lyons, T. W., Arnold, G. L., Kendall, B., Creaser, R. A., et al. (2007). A whiff of oxygen before the great oxidation event? Science 317, 1903–1906. doi: 10.1126/science.1140325

Arai, H., Kawakami, T., Osamura, T., Hirai, T., Sakai, Y., and Ishii, M. (2014). Enzymatic characterization and in vivo function of five terminal oxidases in Pseudomonas aeruginosa. J. Bacteriol. 196, 4206–4215. doi: 10.1128/JB.02176-14

Arndt, N. T., and Nisbet, E. G. (2012). Processes on the young earth and the habitats of early life. Annu. Rev. Earth Planet. Sci. 40, 521–549. doi: 10.1146/annurev-earth-042711-105316

Atteia, A., Adrait, A., Brugière, S., Tardif, M., van Lis, R., Deusch, O., et al. (2009). A proteomic survey of Chlamydomonas reinhardtii mitochondria sheds new light on the metabolic plasticity of the organelle and on the nature of the alpha-proteobacterial mitochondrial ancestor. Mol. Biol. Evol. 26, 1533–1548. doi: 10.1093/molbev/msp068

Atteia, A., van Lis, R., Tielens, A. G. M., and Martin, W. F. (2013). Anaerobic energy metabolism in unicellular photosynthetic eukaryotes. Biochim. Biophys. Acta 1827, 210–223. doi: 10.1016/j.bbabio.2012.08.002

Baldani, J. I., Videira, S. S., dos Santos Teixeira, K. R., Reis, V. M., Martinez de Oliveira, A. L., Schwab, S., et al. (eds.) (2014). “The Family Rhodospirillaceae,” in The Prokaryotes – Alphaproteobacteria and Betaproteobacteria, Vol. 2014, eds M. Dworkin, S. Falkow, E. Rosenberg, E. F. DeLong, S. Lory, et al. (Heidelberg: Springer), 533–618. doi: 10.1007/978-3-642-30197-1_300

Banci, L., Bertini, I., Cantini, F., Ciofi-Baffoni, S., Gonnelli, L., and Mangani, S. (2004). Solution structure of Cox11, a novel type of beta-immunoglobulin-like fold involved in CuB site formation of cytochrome c oxidase. J. Biol. Chem. 279, 34833–34839. doi: 10.1074/jbc.M403655200

Banci, L., Bertini, I., Cavallaro, G., and Rosato, A. (2007). The functions of Sco proteins from genome-based analysis. J. Proteome Res. 6, 1568–1579. doi: 10.1021/pr060538p

Baughn, A. D., and Malamy, M. H. (2004). The strict anaerobe Bacteroides fragilis grows in and benefits from nanomolar concentrations of oxygen. Nature 427, 441–444. doi: 10.1038/nature02285

Bazylinski, D. A., Williams, T. J., Lefèvre, C. T., Trubitsyn, D., Fang, J., Beveridge, T. J., et al. (2013). Magnetovibrio blakemorei gen. nov., sp. nov., a magnetotactic bacterium (Alphaproteobacteria: Rhodospirillaceae) isolated from a salt marsh. Int. J. Syst. Evol. Microbiol. 63, 1824–1833. doi: 10.1099/ijs.0.044453-0

Bengtsson, J., von Wachenfeldt, C., Winstedt, L., Nygaard, P., and Hederstedt, L. (2004). CtaG is required for formation of active cytochrome c oxidase in Bacillus subtilis. Microbiology 150, 415–425. doi: 10.1099/mic.0.26691-0

Betts, H. C., Puttick, M. N., Clark, J. W., Williams, T. A., Donoghue, P. C. J., and Pisani, D. (2018). Integrated genomic and fossil evidence illuminates life’s early evolution and eukaryote origin. Nat. Ecol. Evol. 2, 1556–1562. doi: 10.1038/s41559-018-0644-x

Bhagi-Damodaran, A., Michael, M. A., Zhu, Q., Reed, J., Sandoval, B. A., Mirts, E. N., et al. (2017). Why copper is preferred over iron for oxygen activation and reduction in haem-copper oxidases. Nat. Chem. 9, 257–263. doi: 10.1038/nchem.2643

Borisov, V. B., Gennis, R. B., Hemp, J., and Verkhovsky, M. I. (2011). The cytochrome bd respiratory oxygen reductases. Biochim. Biophys. Acta 1807, 1398–1413. doi: 10.1016/j.bbabio.2011.06.016

Bowers, R. M., Kyrpides, N. C., Stepanauskas, R., Harmon-Smith, M., Doud, D., Reddy, T. B. K., et al. (2017). Minimum information about a single amplified genome (MISAG) and a metagenome-assembled genome (MIMAG) of bacteria and archaea. Nat. Biotechnol. 35, 725–731. doi: 10.1038/nbt.3893

Brinkmann, H., Göker, M., Koblížek, M., Wagner-Döbler, I., and Petersen, J. (2018). Horizontal operon transfer, plasmids, and the evolution of photosynthesis in Rhodobacteraceae. ISME J. 12, 1994–2010. doi: 10.1038/s41396-018-0150-9

Brochier-Armanet, C., Talla, E., and Gribaldo, S. (2009). The multiple evolutionary histories of dioxygen reductases: implications for the origin and evolution of aerobic respiration. Mol. Biol. Evol. 26, 285–297. doi: 10.1093/molbev/msn246

Buschmann, S., Warkentin, E., Xie, H., Langer, J. D., Ermler, U., and Michel, H. (2010). The structure of cbb3 cytochrome oxidase provides insights into proton pumping. Science 329, 327–330. doi: 10.1126/science.1187303

Castresana, J., and Saraste, M. (1995). Evolution of energetic metabolism: the respiration-early hypothesis. Trends Biochem. Sci. 20, 443–448. doi: 10.1016/S0968-0004(00)89098-2

Cho, C. M., Yan, T., Liu, X., Wu, L., Zhou, J., and Stein, L. Y. (2006). Transcriptome of a Nitrosomonas europaea mutant with a disrupted nitrite reductase gene (nirK). Appl. Environ. Microbiol. 72, 4450–4454. doi: 10.1128/AEM.02958-05

Crichton, P. G., Albury, M. S., Affourtit, C., and Moore, A. L. (2010). Mutagenesis of the Sauromatum guttatum alternative oxidase reveals features important for oxygen binding and catalysis. Biochim. Biophys. Acta 1797, 732–737. doi: 10.1016/j.bbabio.2009.12.010

Cunningham, L., Pitt, M., and Williams, H. D. (1997). The cioAB genes from Pseudomonas aeruginosa code for a novel cyanide-insensitive terminal oxidase related to the cytochrome bd quinol oxidases. Mol. Microbiol. 24, 579–591. doi: 10.1046/j.1365-2958.1997.3561728.x

Dash, B. P., Alles, M., Bundschuh, F. A., Richter, O. M., and Ludwig, B. (2015). Protein chaperones mediating copper insertion into the CuA site of the aa3-type cytochrome c oxidase of Paracoccus denitrificans. Biochim. Biophys. Acta 1847, 202–211. doi: 10.1016/j.bbabio.2014.11.001

de Souza, J. A. M., Carrareto Alves, L. M., and de Mello Varani, A. (2014). “The family Bradyrhizobiaceae,” in The Prokaryotes – Alphaproteobacteria and Betaproteobacteria, eds M. Dworkin, S. Falkow, E. Rosenberg, E. F. DeLong, S. Lory, et al. (Heidelberg: Springer), 135–154.

de Vries, S., and Schröder, I. (2002). Comparison between the nitric oxide reductase family and its aerobic relatives, the cytochrome oxidases. Biochem. Soc. Trans. 30, 662–667. doi: 10.1042/bst0300662

Decker, H., and van Holde, K. E. (2011). Oxygen and the Evolution of Life. New York: Springer. doi: 10.1007/978-3-642-13179-0

Degli Esposti, M. (2014). Bioenergetic evolution in proteobacteria and mitochondria. Genome Biol. Evol. 6, 3238–3251. doi: 10.1093/gbe/evu257

Degli Esposti, M. (2017). A journey across genomes uncovers the origin of ubiquinone in cyanobacteria. Genome Biol. Evol. 9, 3039–3053. doi: 10.1093/gbe/evx225

Degli Esposti, M., Cortez, D., Lozano, L., Rasmussen, S., Nielsen, H. B., and Martínez Romero, E. (2016). Alpha proteobacterial ancestry of the [Fe-Fe]-hydrogenases in anaerobic eukaryotes. Biol. Direct. 11:34. doi: 10.1186/s13062-016-0136-3

Degli Esposti, M., and Martinez-Romero, E. (2017). The functional microbiome of arthropods. PLoS One 12:e0176573. doi: 10.1371/journal.pone.0176573

Degli Esposti, M., Rosas-Pérez, T., Servín-Garcidueñas, L. E., Bolaños, L. M., Rosenblueth, M., and Martínez-Romero, E. (2015). Molecular evolution of cytochrome bd oxidases across proteobacterial genomes. Genome Biol. Evol. 7, 801–820. doi: 10.1093/gbe/evv032

Di Matteo, A., Scandurra, F. M., Testa, F., Forte, E., Sarti, P., Brunori, M., et al. (2008). The O2-scavenging flavodiiron protein in the human parasite Giardia intestinalis. J. Biol. Chem. 283, 4061–4068. doi: 10.1074/jbc.M705605200

D’Mello, R., Hill, S., and Poole, R. K. (1995). The oxygen affinity of cytochrome bo’ in Escherichia coli determined by the deoxygenation of oxyleghemoglobin and oxymyoglobin: km values for oxygen are in the submicromolar range. J. Bacteriol. 177, 867–870. doi: 10.1128/jb.177.3.867-870.1995

D’Mello, R., Hill, S., and Poole, R. K. (1996). The cytochrome bd quinol oxidase in Escherichia coli has an extremely high oxygen affinity and two oxygen-binding haems: implications for regulation of activity in vivo by oxygen inhibition. Microbiology 142, 755–763. doi: 10.1099/00221287-142-4-755

Ducluzeau, A. L., Schoepp-Cothenet, B., van Lis, R., Baymann, F., Russell, M. J., and Nitschke, W. (2014). The evolution of respiratory O2/NO reductases: an out-of-the-phylogenetic-box perspective. J. R. Soc. Interface 11:20140196. doi: 10.1098/rsif.2014.0196

Embley, T. M., and Martin, W. (2006). Eukaryotic evolution, changes and challenges. Nature 440, 623–630. doi: 10.1038/nature04546

Esser, C., Martin, W., and Dagan, T. (2007). The origin of mitochondria in light of a fluid prokaryotic chromosome model. Biol. Lett. 3, 180–184. doi: 10.1098/rsbl.2006.0582

Ferguson, S. J. (2001). Keilin’s cytochromes: how bacteria use them, vary them and make them. Biochem. Soc. Trans. 29, 629–640. doi: 10.1042/bst0290629

Fischer, W. W., Hemp, J., and Johnson, J. E. (2016). Evolution of oxygenic photosynthesis. Ann. Rev. Earth Planet. Sci. 44, 647–683. doi: 10.1146/annurev-earth-060313-054810

Forte, E., Borisov, V. B., Falabella, M., Colaço, H. G., Tinajero-Trejo, M., Poole, R. K., et al. (2016). The terminal oxidase cytochrome bd promotes sulfide-resistant bacterial respiration and growth. Sci. Rep. 6:23788. doi: 10.1038/srep23788

García-Horsman, J. A., Barquera, B., Rumbley, J., Ma, J., and Gennis, R. B. (1994). The superfamily of heme–copper respiratory oxidases. J. Bacteriol. 176, 5587–5600. doi: 10.1128/jb.176.18.5587-5600.1994

Garrity, G. M., Bell, J. A., and Lilburn, T. (2005). “Class I. Alphaproteobacteria class. nov,” in Bergey’s Manual of Systematic Bacteriology, eds D. J. Brenner, N. R. Krieg, and J. T. Staley (New York, NY: Springer), 1–574.

Giuffrè, A., Forte, E., Antonini, G., D’Itri, E., Brunori, M., Soulimane, T., et al. (1999). Kinetic properties of ba3 oxidase from Thermus thermophilus: effect of temperature. Biochemistry 38, 1057–1065. doi: 10.1021/bi9815389

Hammer, N. D., Schurig-Briccio, L. A., Gerdes, S. Y., Gennis, R. B., and Skaar, E. P. (2016). CtaM Is Required for menaquinol oxidase aa3 function in Staphylococcus aureus. mBio 7:e823–16. doi: 10.1128/mBio.00823-16

Han, H., Hemp, J., Pace, L. A., Ouyang, H., Ganesan, K., Roh, J. H., et al. (2011). Adaptation of aerobic respiration to low O2 environments. Proc. Natl. Acad. Sci. U.S.A. 108, 14109–14114. doi: 10.1073/pnas.1018958108

Hayes, J. M., and Waldbauer, J. R. (2006). The carbon cycle and associated redox processes through time. Philos. Trans. R. Soc. B 361, 931–950. doi: 10.1098/rstb.2006.1840

Iwata, S., Ostermeier, C., Ludwig, B., and Michel, H. (1995). Structure at 2.8 a resolution of cytochrome c oxidase from Paracoccus denitrificans. Nature 376, 660–669. doi: 10.1038/376660a0

Jackson, R. J., Elvers, K. T., Lee, L. J., Gidley, M. D., Wainwright, L. M., Lightfoot, J., et al. (2007). Oxygen reactivity of both respiratory oxidases in Campylobacter jejuni: the cydAB genes encode a cyanide-resistant, low-affinity oxidase that is not of the cytochrome bd type. J. Bacteriol. 189, 1604–1615. doi: 10.1128/JB.00897-06

Javaux, E. J., Knoll, A. H., and Walter, M. R. (2001). Morphological and ecological complexity in early eukaryotic ecosystems. Nature 412, 66–69. doi: 10.1038/35083562

Javaux, E. J., and Lepot, K. (2018). The Paleoproterozoic fossil record: implications for the evolution of the biosphere during Earth’s middle-age. Earth Sci. Rev. 176, 68–86. doi: 10.1016/j.earscirev.2017.10.001

Ji, B., Zhang, S. D., Arnoux, P., Rouy, Z., Alberto, F., Philippe, N., et al. (2014). Comparative genomic analysis provides insights into the evolution and niche adaptation of marine Magnetospira sp. QH-2 strain. Environ. Microbiol. 16, 525–544. doi: 10.1111/1462-2920.12180

Ji, B., Zhang, S. D., Zhang, W. J., Rouy, Z., Alberto, F., Santini, C. L., et al. (2017). The chimeric nature of the genomes of marine magnetotactic coccoid-ovoid bacteria defines a novel group of Proteobacteria. Environ. Microbiol. 19, 1103–1119. doi: 10.1111/1462-2920.13637

John, P., and Whatley, F. R. (1975). Paracoccus denitrificans and the evolutionary origin of the mitochondrion. Nature 254, 495–498. doi: 10.1038/254495a0

Judson, O. P. (2017). The energy expansions of evolution. Nat. Ecol. Evol. 1:138. doi: 10.1038/s41559-017-0138

Knoll, A. H., Bergmann, K. D., and Strauss, J. V. (2016). Life: the first two billion years. Philos. Trans. Roy. Soc. Lond. B 371:20150493. doi: 10.1098/rstb.2015.0493

Krab, K., Kempe, H., and Wikström, M. (2011). Explaining the enigmatic Km for oxygen in cytochrome c oxidase, a kinetic model. Biochim. Biophys. Acta 1807, 348–358. doi: 10.1016/j.bbabio.2010.12.015

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

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A., McWilliam, H., et al. (2007). Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947–2948. doi: 10.1093/bioinformatics/btm404

Lawton, T. J., Kenney, G. E., Hurley, J. D., and Rosenzweig, A. C. (2016). The CopC family: structural and bioinformatic insights into a diverse group of periplasmic copper binding proteins. Biochemistry 55, 2278–2290. doi: 10.1021/acs.biochem.6b00175

Lenton, T. M., Dahl, T. W., Daines, S. J., Mills, B. J. W., Ozaki, K., Saltzman, M. R., et al. (2016). Earliest land plants created modern levels of atmospheric oxygen. Proc. Natl. Acad. Sci. U.S.A. 113, 9704–9709. doi: 10.1073/pnas.1604787113

Li, Y., Raschdorf, O., Silva, K. T., and Schüler, D. (2014). The terminal oxidase cbb3 functions in redox control of magnetite biomineralization in Magnetospirillum gryphiswaldense. J. Bacteriol. 196, 2552–2562. doi: 10.1128/JB.01652-14

Lyons, J. A., Aragão, D., Slattery, O., Pisliakov, A. V., Soulimane, T., and Caffrey, M. (2012). Structural insights into electron transfer in caa3-type cytochrome oxidase. Nature 487, 514–518. doi: 10.1038/nature11182

Lyons, T. W., Reinhard, C. T., and Planavsky, N. J. (2014). The rise of oxygen in Earth’s early ocean and atmosphere. Nature 506, 307–315. doi: 10.1038/nature13068

Marchler-Bauer, A., Derbyshire, M. K., Gonzales, N. R., Lu, S., Chitsaz, F., Geer, L. Y., et al. (2015). CDD: NCBI’s conserved domain database. Nucleic Acids Res. 43, D222–D226. doi: 10.1093/nar/gku1221

Marreiros, B. C., Batista, A. P., Duarte, A. M. S., and Pereira, M. M. (2013). A missing link between complex I and group 4 membrane-bound [NiFe] hydrogenases. Biochim. Biophys. Acta 1827, 198–209. doi: 10.1016/j.bbabio.2012.09.012

Marreiros, B. C., Calisto, F., Castro, P. J., Duarte, A. M., Sena, F. V., Silva, A. F., et al. (2016). Exploring membrane respiratory chains. Biochim. Biophys. Acta 1857, 1039–1067. doi: 10.1016/j.bbabio.2016.03.028

Martens, J. H., Barg, H., Warren, M. J., and Jahn, D. (2002). Microbial production of vitamin B12. Appl. Microbiol. Biotech. 58, 275–285. doi: 10.1007/s00253-001-0902-7

Martin, W., and Müller, M. (1998). The hydrogen hypothesis for the first eukaryote. Nature 392, 37–41. doi: 10.1038/32096

Martin, W. F. (2017). Too much eukaryote LGT. BioEssays 39:1700115. doi: 10.1002/bies.201700115

Martin, W. F., Bryant, D. A., and Beatty, J. T. (2018). A physiological perspective on the origin and evolution of photosynthesis. FEMS Microbiol. Rev. 42, 201–231. doi: 10.1093/femsre/fux056

Martin, W. F., and Sousa, F. L. (2015). Early microbial evolution: the age of anaerobes. Cold Spring Harb. Perspect. Biol. 8:a018127. doi: 10.1101/cshperspect.a018127

Mentel, M., and Martin, W. (2008). Energy metabolism among eukaryotic anaerobes in light of Proterozoic ocean chemistry. Phil. Trans. R. Soc. Lond. B 363, 2717–2729. doi: 10.1098/rstb.2008.0031

Miura, H., Mogi, T., Ano, Y., Migita, C. T., Matsutani, M., Yakushi, T., et al. (2013). Cyanide-insensitive quinol oxidase (CIO) from Gluconobacter oxydans is a unique terminal oxidase subfamily of cytochrome bd. J. Biochem. 153, 535–545. doi: 10.1093/jb/mvt019

Morris, R. L., and Schmidt, T. M. (2013). Shallow breathing: bacterial life at low O2. Nat. Rev. Microbiol. 11, 205–212. doi: 10.1038/nrmicro2970

Müller, M., Mentel, M., van Hellemond, J. J., Henze, K., Woehle, C., Gould, S. B., et al. (2012). Biochemistry and evolution of anaerobic energy metabolism in eukaryotes. Microbiol. Mol. Biol. Rev. 76, 444–495. doi: 10.1128/MMBR.05024-11

Nelson-Sathi, S., Dagan, T., Landan, G., Janssen, A., Steel, M., McInerney, J. O., et al. (2012). Acquisition of 1,000 eubacterial genes physiologically transformed a methanogen at the origin of Haloarchaea. Proc. Natl. Acad. Sci. U.S.A. 109, 20537–20542. doi: 10.1073/pnas.1209119109

Nguyen, L. T., Schmidt, H. A., Von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274. doi: 10.1093/molbev/msu300

Parfrey, L. W., Lahr, D. J., Knoll, A. H., and Katz, L. A. (2011). Estimating the timing of early eukaryotic diversification with multigene molecular clocks. Proc. Natl. Acad. Sci. U.S.A. 108, 13624–13629. doi: 10.1073/pnas.1110633108

Parks, D. H., Chuvochina, M., Waite, D. W., Rinke, C., Skarshewski, A., Chaumeil, P. A., et al. (2018). A standardized bacterial taxonomy based on genome phylogeny substantially revises the tree of life. Nat. Biotechnol. 36, 996–1004. doi: 10.1038/nbt.4229

Pennisi, R., Salvi, D., Brandi, V., Angelini, R., Ascenzi, P., and Polticelli, F. (2016). Molecular evolution of alternative oxidase proteins: a phylogenetic and structure modeling approach. J. Mol. Evol. 82, 207–218. doi: 10.1007/s00239-016-9738-8

Pereira, M. M., Santana, M., and Teixeira, M. (2001). A novel scenario for the evolution of haem-copper oxygen reductases. Biochim. Biophys. Acta 1505, 185–208. doi: 10.1016/S0005-2728(01)00169-4

Pitcher, R. S., and Watmough, N. J. (2004). The bacterial cytochrome cbb3 oxidases. Biochim. Biophys. Acta 1655, 388–399. doi: 10.1016/j.bbabio.2003.09.017

Poulton, S. W., Fralick, P. W., and Canfield, D. E. (2010). Spatial variability in oceanic redox structure 1.8 billion years ago. Nat. Geosci. 3, 486–490. doi: 10.1038/ngeo889

Prunetti, L., Brugna, M., Lebrun, R., Giudici-Orticoni, M. T., and Guiral, M. (2011). The elusive third subunit IIa of the bacterial B-type oxidases: the enzyme from the hyperthermophile Aquifex aeolicus. PLoS One 6:e21616. doi: 10.1371/journal.pone.0021616

Pujalte, M. J., Lucena, T., and Ruvira, M. A. (2014). “The Family Rhodobacteraceae,” in The Prokaryotes – A Handbook on the Biology of Bacteria: Proteobacteria: Alpha and Beta Subclasses, Vol. 5, eds M. Dworkin, S. Falkow, E. Rosenberg, et al. (New York, NY: Springer), 439–512.

Radzi Noor, M., and Soulimane, T. (2012). Bioenergetics at extreme temperature: Thermus thermophilus ba3- and caa3-type cytochrome c oxidases. Biochim. Biophys. Acta 1817, 638–649. doi: 10.1016/j.bbabio.2011.08.004

Ramel, F., Amrani, A., Pieulle, L., Lamrabet, O., Voordouw, G., Seddiki, N., et al. (2013). Membrane-bound oxygen reductases of the anaerobic sulfate-reducing Desulfovibrio vulgaris Hildenborough: roles in oxygen defence and electron link with periplasmic hydrogen oxidation. Microbiology 159, 2663–2673. doi: 10.1099/mic.0.071282-0

Ramel, F., Brasseur, G., Pieulle, L., Valette, O., Hirschler-Réa, A., Fardeau, M. L., et al. (2015). Growth of the obligate anaerobe Desulfovibrio vulgaris Hildenborough under continuous low oxygen concentration sparging: impact of the membrane-bound oxygen reductases. PLoS One 10:e0123455. doi: 10.1371/journal.pone.0123455

Raymond, J., and Segre, D. (2006). The effect of oxygen on biochemical networks and the evolution of complex life. Science 311, 1764–1767. doi: 10.1126/science.1118439

Refojo, P. N., Sousa, F. L., Teixeira, M., and Pereira, M. M. (2010). The alternative complex III: a different architecture using known building modules. Biochim. Biophys. Acta 1797, 1869–1876. doi: 10.1016/j.bbabio.2010.04.012

Reinhard, C. T., Planavsky, N. J., Robbins, L. J., Partin, C. A., Gill, B. C., Lalonde, S. V., et al. (2013). Proterozoic ocean redox and biogeochemical stasis. Proc. Natl. Acad. Sci. U.S.A. 110, 5357–5362. doi: 10.1073/pnas.1208622110

Richhardt, J., Luchterhand, B., Bringer, S., Büchs, J., and Bott, M. (2013). Evidence for a key role of cytochrome bo3 oxidase in respiratory energy metabolism of Gluconobacter oxydans. J. Bacteriol. 195, 4210–4220. doi: 10.1128/JB.00470-13

Ridge, P. G., Zhang, Y., and Gladyshev, V. N. (2008). Comparative genomic analyses of copper transporters and cuproproteomes reveal evolutionary dynamics of copper utilization and its link to oxygen. PLoS One 3:e1378. doi: 10.1371/journal.pone.0001378

Rinke, C., Schwientek, P., Sczyrba, A., Ivanova, N. N., Anderson, I. J., Cheng, J. F., et al. (2013). Insights into the phylogeny and coding potential of microbial dark matter. Nature 499, 431–437. doi: 10.1038/nature12352

Safarian, S., Rajendran, C., Müller, H., Preu, J., Langer, J. D., Ovchinnikov, S., et al. (2016). Structure of a bd oxidase indicates similar mechanisms for membrane-integrated oxygen reductases. Science 352, 583–586. doi: 10.1126/science.aaf2477

Schmetterer, G. (2016). “The respiratory terminal oxidases (RTOs) of cyanobacteria,” in Cytochrome Complexes: Evolution, Structures, Energy Transduction, and Signaling, eds W. A. Cramer and T. Kallas (Netherlands: Springer), 331–355.

Schulze, M., and Rödel, G. (1988). SCO1, a yeast nuclear gene essential for accumulation of mitochondrial cytochrome c oxidase subunit II. Mol. Gen. Genet. 211, 492–498. doi: 10.1007/BF00425706

Sharma, V., and Wikström, M. (2014). A structural and functional perspective on the evolution of the heme-copper oxidases. FEBS Lett. 588, 3787–3792. doi: 10.1016/j.febslet.2014.09.020

Shiba, T., Kido, Y., Sakamoto, K., Inaoka, D. K., Tsuge, C., Tatsumi, R., et al. (2013). Structure of the trypanosome cyanide-insensitive alternative oxidase. Proc. Natl. Acad. Sci. U.S.A. 110, 4580–4585. doi: 10.1073/pnas.1218386110

Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M. (2015). BUSCO: assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics 31, 3210–3212. doi: 10.1093/bioinformatics/btv351

Sleep, N. H., Bird, D. K., and Pope, E. C. (2011). Serpentinite and the dawn of life. Philos. Trans. R. Soc. Lond. B 366, 2857–2869. doi: 10.1098/rstb.2011.0129

Smutná, T., Gonçalves, V. L., Saraiva, L. M., Tachezy, J., Teixeira, M., and Hrdy, I. (2009). Flavodiiron protein from Trichomonas vaginalis hydrogenosomes: the terminal oxygen reductase. Eukaryot. Cell 8, 47–55. doi: 10.1128/EC.00276-08

Soo, R. M., Hemp, J., Parks, D. H., Fischer, W. W., and Hugenholtz, P. (2017). On the origins of oxygenic photosynthesis and aerobic respiration in cyanobacteria. Science 355, 1436–1440. doi: 10.1126/science.aal3794

Sousa, F. L., Alves, R. J., Ribeiro, M. A., Pereira-Leal, J. B., Teixeira, M., and Pereira, M. M. (2012). The superfamily of heme-copper oxygen reductases: types and evolutionary considerations. Biochim. Biophys. Acta 1817, 629–637. doi: 10.1016/j.bbabio.2011.09.020

Sousa, F. L., Nelson-Sathi, S., and Martin, W. F. (2016). One step beyond a ribosome: the ancient anaerobic core. Biochim. Biophys. Acta 1857, 1027–1038. doi: 10.1016/j.bbabio.2016.04.284

Sousa, F. L., Shavit-Greivink, L., Allen, J. F., and Martin, W. F. (2013). Chlorophyll biosynthesis gene evolution indicates photosystem gene duplication, not photosystem merger, at the origin of oxygenic photosynthesis. Genome Biol. Evol. 5, 200–216. doi: 10.1093/gbe/evs127

Stolper, D. A., and Keller, C. B. (2018). A record of deep-ocean dissolved O2 from the oxidation state of iron in submarine basalts. Nature 553, 323–327. doi: 10.1038/nature25009

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

Thompson, A. K., Gray, J., Liu, A., and Hosler, J. P. (2012). The roles of Rhodobacter sphaeroides copper chaperones PCu(A)C and Sco (PrrC) in the assembly of the copper centers of the aa3-type and the cbb3-type cytochrome c oxidases. Biochim. Biophys. Acta 1817, 955–964. doi: 10.1016/j.bbabio.2012.01.003

van der Giezen, M. (2009). Hydrogenosomes and mitosomes: conservation and evolution of functions. J. Eukaryot. Microbiol. 56, 221–231. doi: 10.1111/j.1550-7408.2009.00407.x

Wagner, A., Whitaker, R. J., Krause, D. J., Heilers, J. H., van Wolferen, M., van der Does, C., et al. (2017). Mechanisms of gene flow in archaea. Nat. Rev. Microbiol 15, 492–501. doi: 10.1038/nrmicro.2017.41

Weiss, M. C., Preiner, M., Xavier, J. C., Zimorski, V., and Martin, W. F. (2018). The last common ancestor between ancient Earth chemistry and the oneset of genetics. PLoS Genet. 14:e1007518. doi: 10.1371/journal.pgen.1007518

Williams, K. P., Sobral, B. W., and Dickerman, A. W. (2007). A robust species tree for the alpha proteobacteria. J. Bacteriol. 189, 4578–4586. doi: 10.1128/JB.00269-07

Williams, R. J. P., and Fraústo Da Silva, J. J. P. (2003). Evolution was chemically constrained. J. Theor. Biol. 220, 323–343. doi: 10.1006/jtbi.2003.3152

Williams, T. J., Lefèvre, C. T., Zhao, W., Beveridge, T. J., and Bazylinski, D. A. (2012). Magnetospira thiophila gen. nov., sp. nov., a marine magnetotactic bacterium that represents a novel lineage within the Rhodospirillaceae (Alphaproteobacteria). Int. J. Syst. Evol. Microbiol. 62, 2443–2450. doi: 10.1099/ijs.0.037697-0

Wisniewski-Dyé, F., Borziak, K., Khalsa-Moyers, G., Alexandre, G., Sukharnikov, L. O., Wuichet, K., et al. (2011). Azospirillum genomes reveal transition of bacteria from aquatic to terrestrial environments. PLoS Genet. 7:e1002430. doi: 10.1371/journal.pgen.1002430

Yang, D., Oyaizu, Y., Oyaizu, H., Olsen, G. J., and Woese, C. R. (1985). Mitochondrial origins. Proc. Natl. Acad. Sci. U.S.A. 82, 4443–4447. doi: 10.1073/pnas.82.13.4443

Conflict of Interest Statement: 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 © 2019 Degli Esposti, Mentel, Martin and Sousa. 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.

OPS/images/fmicb-10-00499-g006.jpg
Transition of Cu chaperones in the terminal oxidases of alphaproteobacteria

traits
HCO family and gene cluster
Taxa

Magnetospira sp. QH2
Magnetovibrio blakemorei
Magnetospirillum magnetotacticum

Azospirillum oryzae

Inquilinus limosus DSM 16000

Tistrella mobilis

Azospirillum brasilense sp7
Dongia sp. URHEQO60

Rhodovibrio salinarum

Rhodocista sp. MIMtkB3
alphaproteobacteria bacterium 64-11
Rhodobacteraceae bacterium HTCC2150
alpha proteobacterium U9-1i

alpha proteobacterium BAL199
Micavibrio aeruginosavorus ARL-13
alpha proteobacterium HIMB5

Scoin

B family

B, WP_069956310

B, WP_052473073

B, WP_085091360

Caa3_CtaG
isolated

isolated

WP_009870053,
WP_082085382

CAB,
WP_046021969

CAB,

WP_069957559
WP_069956311 -

WP_009870059

ER YT (N WP _ 085088437

WP_034853503,

CEAVLEZEERI I RVWP 026868986 & WP_051249396 RUMPI3:yp 1]

WP_051248355

CERU Py i v O WP_062762535,

WP_014746663

CERNLEC YA WP_035672108

RN WL Cyprk] WP_035364032

WP_037256562 ,
WP_037256315 & WP_037256317
WP_037255547

WP_075771244

0JU12666,

0JU11747

WP_008182490

WP_094747873,

WP_094749175 &
WP_094746373

WP_007679232

WP_014103898

WP 085083811 LALLMLEICRERE)

Caa3_CtaG CtaG_Cox11
Al subtypea Al subtypeb

WP_085083570

WP_051247958

WP_014747410,
WP_082828323,
KY055343

WP_014746325,
WP_062761545

WP_035674792

WP_035364767

WP_081728349
WP_083699347 WP_083699181

0JU12990 no CtaG
WP_008184642

WP_094749671

WP_007668180
WP_014101814
WP_014952726





OPS/images/fmicb-10-00499-g005.jpg
different gene clusters for HCO terminal oxidases

A2, Coxl & B,Cox I

Aquifex CyoC
A2, CyoCAB

Mariprofundus mico. CyoC
A2, CyoCAB

Magnetospira CyoC

B, ba3-a1 & degenerate

Magnetospirillum magnetotacticum

COX operon: cytochrome ¢ oxidase Cox | cytochrome ¢ oxidase Cox Il

CyoB ba3_ ba3_cco_| [l sco
cco_ll_C e

T Coo 3 COX1
e [ L
cox1 ox:

M 0

. coxt N coxz
2aat ba3-like J]| cupredoxi

Act cluster

A1, subtype b

A1, bo3 ubiquinol oxidase

A2, subtype &l [EBEHSSE

common prepended

oo () EDEDED00 O

Core COX genes common appended

ChED o
0000 ) D
DI EmE )






OPS/images/fmicb-10-00499-g004.jpg
aerobic and anaerobic traits of alphaproteobacteria vs. 10 eukaryotes

AO M o Fere Hrd LaCRlill pr PFLACKY PTALS 4o ACS_ PaSO_ . FHENIVNLY
trans B0 B A2 A1 be1 Q [} LN o/ PNO AE ACK2 PTA2 AP Nor a
% completeness oxygen affinity  high medium low bacteria only

orderorfamlly protelns  (only >90%) organisms with near complete genome
I. No oxidases

Rhodospirillaceae 1,727 94.24 Acetobacter sp.46_36
Rhodasplrillaceae 1,791 95.68 Azospirillum sp. CAG:239
Rhodospirlllaceae 1,603 95.0/97.3¢  Alphaproteobacteria bacterium GWF2_58_20 -

I. High affinity only
| Magnetococcales 3,766 100 Magnetococcus marinus
Rhodosplirillaceae 3,819 100 Rhodospirillum rubrum F11
Rhodospirlllaceae 3,462 98.56/97.3¢  Phaeospirillum fulvum MGU-K5

I¥pere
Rhodobacterales 3,642 97.84 Rhodobacter capsulatus SB 1003

Rhlzoblales 3,080 98.56 Roseospirillum parvum
1Il. High and low affinity

Rhodospirlllaceae 3,356 97.84 Magnetovibrio blakemorei
Rhodosplrillaceae 7,540 97.84 Magnetospirillum moscoviense
Rhodosplrillaceae 5,860 100 Azospirillum brasilense sp7
Rhodosplrillales 6,775 98.00 Inquilinus limosus DSM 16000
unclassified alpha 4,196 97.84 alpha proteohacterium U9-1i
Rhodosplrillaceae 5,186 94.24 Ca. Endolissoclinum sp. TMED37
unclassified alphad 6,128 97.84 alpha proteohacterium BAL199
Rhodobacterales 3,667 96.40 Rhodobacteraceae bacterium HTCC2150
unclassified alphat 2,314 10 Micavibrio aeruginosavorus ARL-13
V. Low affinity only
Rickettslales 1,924 94.96 Candidatus Neoehrlichia lotoris
unclassified alpha 3,752 97.84 alpha proteobacterium RS24
Pelaglbacterale 2,811 91.37 alpha proteobacterium HIMBS
eukaryotes

phylum protelns  completeness

Amoebooa 8163 nearlycomplete Entamoeha

Fungi 14612 nearlycomplete Piromyces sp.E2 chytrid fungus

Amoebozoa 14974 ycomplete Acanth b

Fungi 15,660 100 Aspergillus nidulans

Fungi 11,852 nearlycomplete Colletotrichum Glomerellalesfungus

Viridiplanta 14,411 nearlycomplete Chlamydomonas

11,673 y complete Tl

Euglenozoa 553 very Incomplete Euglena

Nematoda 34000 100 C. elegans .

Chordata 114,408 100 Homo sapiens

bacteria only

W o Fere- v VORI PRLACKY PTAL/ | ACS. paS0_ H
b3 8 a2 a1 50 ba o R o/ ~no ae acka praz A%Mape nor M R






OPS/images/fmicb-10-00499-g003.jpg
Proposed classification of HCO oxidases of family A and B

family name type subtype operon sequence* taxa
Y AB2134G Bacilli \
quinol oxidase
eoperon b 21B G34SURF a
A aa3 A1 -operonab 214a G34sSURFSCO By
coperona &a-ll 2134 G aBy
soperon a-lll 213a3b4 af & CFB
\ 03CyoAE 2134 B aByS /
/ *CyoCAB B3SCO21 afyd & Aquific%
Nitrospirae
soperon a-| SCO02134 aByd
A (c)aa3 | A2 -delta SC01342B O¢
ecaa3 2L1_§]4 Thermus
-cyoBAC 213 cyanobacteria
\__ ‘Chloroflexian ~ 21435CO chioroflexi _/
classic (normal) %, 21 many phyla
B ba3 ba3-a1 B21(SCO) apyd & Aquificae,
Nitrospirae
degenerate various
*Legend

1234: COX1, COX2, COX3, COX4: |

] fused in some organisms

A, ctaA or COX15; B, ctaB or COX10; G, ctaG or COX11;
SCO, SURF: COX accessory proteins originally discovered in eukaryotes;
gene cluster of alternative complex Il (Refojo et al., 2010)






OPS/images/cross.jpg
3,

i





OPS/images/fmicb-10-00499-g002.jpg
A 100

bd oxidases HCO oxidases
==
10
1 Pasteur point
- T
0.1
0.001
bd-I Cio C A1-bo3 A2 A1 AOX
B bd oxidase (o4 C oxidase
IN IN
membrane QH2
ouT ouT
D A1 - bo3 oxidase E A2 oxidase
IN
membrane QH2
ouT ouT
F AOX G A1 oxidase
IN IN
T
membrane  QH2
ouT ouT

D b, high- & low-spin loala D ¢ Ocu®@ Fe





OPS/images/fmicb-10-00499-g001.jpg
timeline for the evolution of oxygen and life on Earth

100%
diversification o
of a-proteobacteria e Atmospheric

(aerobes and anaerobes) oxygen [PAL]

~1%
(100% PAL

origin and diversification
of eukaryotic supergroups
(aerobes and anaerobes)

accordingly

v s — Marine
hypoxic in the photic zone oxic oceans environments
Arct I Proterozoic I Phaenerozoic
T T ¥ : )
2500 2000 1500 1000 542 ¢

Million years before present





OPS/images/cover.jpg






OPS/images/logo.jpg
, frontiers
in Microbiology





