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Abstract

The metabolic machinery from which microbial aerobic respiration evolved is tightly linked to
the origins of oxygenic Cyanobacteria (Oxyphotobacteria). Even though the majority of
Oxyphotobacteria are photoautotrophs and can use carbohydrates with oxygen (O,) as the
electron acceptor, all are fermenters under dark anoxic conditions. Studies suggest that the
ancestor of Oxyphotobacteria may have used hydrogen (H;) as an electron donor and that two
types of NiFe hydrogenases are essential for its oxidation. Melainabacteria and
Sericytochromatia, close phylogenetic neighbors to Oxyphotobacteria comprise fermentative and
aerobic representatives, or organisms capable of both. Margulisbacteria (candidate divisions
RBX-1 and ZB3) and Saganbacteria (candidate division WOR-1), a novel cluster of bacteria
phylogenetically related to Melainabacteria, Sericytochromatia and Oxyphotobacteria may
further constrain the metabolic platform in which oxygenic photosynthesis and aerobic
respiration arose. Here, we predict the metabolisms of Margulisbacteria and Saganbacteria from
new and published metagenome-assembled genomes (MAGs) and single amplified genomes
(SAGs), and compare them to their phylogenetic neighbors. Sediment-associated
Margulisbacteria are predicted to have a fermentation-based metabolism featuring a variety of
hydrogenases, a nitrogenase for nitrogen (N,) fixation, and electron bifurcating complexes
involved in cycling of ferredoxin and NAD(P)H. Overall, the genomic features suggest the
capacity for metabolic fine-tuning under strictly anoxic conditions. In contrast, the genomes of
Margulisbacteria from the ocean ecosystem encode an electron transport chain that supports
aerobic growth. Similarly, some Saganbacteria genomes encode various hydrogenases, and
others may have the ability to use O, under certain conditions via a putative novel type of heme
copper 0 reductase. Like Melainabacteria and Sericytochromatia, Margulisbacteria and
Saganbacteria have diverse energy metabolisms capable of fermentation, and aerobic or
anaerobic respiration. In summary, our findings support the hypothesis that the ancestor of these
groups was an anaerobe in which fermentation and H, metabolism were central metabolic
features. Our genomic data also suggests that contemporary lineages sibling to the
Oxyphotobacteria may have acquired the ability to use O, as a terminal electron acceptor under
certain environmental conditions.

Introduction

Oxygenic photosynthesis evolved in Cyanobacteria, now referred to as Oxyphotobacteria
(Soo et al., 2014; Shih et al., 2017; Soo et al., 2017), and ultimately led to the Great Oxidation
Event (GOE) ~ 2.3 billion years ago (Luo et al., 2016). Microorganisms had access to oxygen
(O») as an electron acceptor following the GOE, and thus higher energetic yield from respiratory
processes. However, use of O, required the evolution of redox complexes in the electron
transport chain (ETC). These innovations may have occurred in ancestral Oxyphotobacteria that
immediately benefited from the opportunities presented by O, availability.

The metabolic potential of lineages phylogenetically related to Oxyphotobacteria is of
great interest from the perspective of evolution and co-evolution of life on this planet (Soo et al.,
2014; Shih et al., 2017; Soo et al., 2017). Recently, several publications have investigated the
biology of Melainabacteria and Sericytochromatia, groups that branch adjacent to
Oxyphotobacteria and are represented by non-photosynthetic organisms (Di Rienzi et al., 2013;
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86  Sooetal., 2014; Soo et al., 2017). It has been suggested that the machinery for aerobic

87  respiration was acquired independently by Sericytochromatia (Soo et al., 2017), and like

88  Oxyphotobacteria, some members of the Sericytochromatia and Melainabacteria have ETCs. The
89  most simple ETC is composed of (i) an electron entry point, usually a dehydrogenase that

90  oxidizes reduced electron carriers (e.g., nicotinamide adenine nucleotide — NADH and

91  succinate), (i1) membrane electron carriers (e.g., quinones), and (iii) an electron exit point such a
92  heme-copper oxygen reductase or a cytochrome bd oxidase. However, if there are periplasmic
93 electron donors, an intermediary quinol:electron acceptor oxidoreductase complex may also be
94  involved (Refojo et al., 2012). Both the electron entry and exit protein complexes often act as H"
95  pumps, contributing to the creation of a proton motive force (PMF; or electrochemical potential)
96  that can be used for energy generation via the ATP synthase.

97 Oxyphotobacteria use light as the source of energy to establish an electrochemical H"

98  potential during photosynthetic electron transport and also conserve energy from reducing a high
99  potential terminal electron acceptor (O,) during aerobic respiration. Aerobic Sericytochromatia
100  may use chemical energy rather than light to generate an electrochemical potential gradient (Soo

101  etal., 2017). During evolution, these high electrode potential respiratory chains may have

102  replaced fermentation-linked complexes responsible for ion translocation across membranes in
103  more ancient organisms. Sequential translocation of ions across membranes is required in

104  fermentation-based metabolisms as the energy yield per translocation is low (Boyd et al., 2014).
105  Analysis of new bacterial genomes from sibling groups to the Oxyphotobacteria may provide
106  information about their ancestral energy metabolism and thus constrain the metabolic platform
107  into which complex ETCs evolved.

108 Here we predict the metabolic capacities of bacteria from lineages that are sibling to
109  Oxyphotobacteria, Melainabacteria, and Sericytochromatia. Genomes for members of the

110  Margulisbacteria (RBX-1) and Saganbacteria (WOR-1) were previously reconstructed from

111 estuarine sediments and groundwater (Baker et al., 2015; Anantharaman et al., 2016; Probst et
112 al., 2018). For Margulisbacteria, here we describe two groups that we refer to as

113 Riflemargulisbacteria (given the derivation of draft genome sequences from the Rifle research
114  site) (Anantharaman et al., 2016), and four groups we refer to as Marinamargulisbacteria (given
115  the derivation of the single-cell draft genomes from ocean sites). Marinamargulisbacteria was
116  first observed in a clone library of SSU rRNA genes from Zodletone spring (Oklahoma) and
117  identified as candidate division ZB3 (Elshahed et al., 2003). In this study, we predict how

118  organisms from these lineages conserve energy, identify their unique strategies for reoxidation of
119  reducing equivalents, and propose the interconnectedness between H, and O, metabolism. We
120  found that H; metabolism is a common feature of the modern groups that cannot aerobically
121  respire aerobically, and suggest that hydrogenases may have been central to the lifestyles of the
122  ancestors of Oxyphotobacteria, Melainabacteria, Sericytochromatia, Margulisbacteria and

123  Saganbacteria.

124

125  Results

126

127  Identification of representative genomes from each lineage

128

129 In this study, we analyzed four publicly available and eight newly reconstructed genomes

130  of Margulisbacteria and propose two distinct clades within this lineage: Riflemargulisbacteria
131 (two groups) and Marinamargulisbacteria (four groups). These clades were defined using
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132  metagenome-assembled genomes (MAGs) of bacteria from the sediments of an aquifer adjacent
133  to the Colorado River, Rifle, USA and single-cell amplified genomes (SAGs) from four ocean
134  environments (Supplementary Table 1). We also analyzed 26 publicly available MAGs of

135  Saganbacteria from groundwater with variable O, concentrations (Anantharaman et al., 2016), of
136  which four genomes are circularized. In addition we analyzed eight publicly available MAGs of
137  Melainabacteria (Anantharaman et al., 2016), and five new Melainabacteria genomes that were
138  reconstructed from metagenomic datasets for microbial communities sampled from human gut
139  and groundwater (Supplementary Table 1). We identified representative genomes for groups of
140  genomes that share 95.0 - 99.0% average nucleotide identity (ANI) (Supplementary Table 1) and
141  focus our discussion on these genomes. Metabolic predictions for genomes that were estimated
142  to be medium or high quality (Bowers et al., 2017) (Supplementary Table 1) were established
143  using gene annotations and confirmed using Hidden Markov Models built from the KEGG

144  database (Supplementary Table 2). Key aspects of energy metabolism predicted for

145  Riflemargulisbacteria, Marinamargulisbacteria, Saganbacteria and Melainabacteria were

146  compared. Phylogenetic analyses of genes encoding key metabolic functions also included

147  publicly available genomes for Sericytochromatia (Soo et al., 2017), newly reported genomes for
148  relatives of Marinamargulisbacteria (Parks et al., 2017), and other reference genomes.

149

150  Margulisbacteria and Saganbacteria are the closest relatives of Oxyphotobacteria,

151 Melainabacteria and Sericytochromatia

152

153 In our phylogenetic analysis, Margulisbacteria and Saganbacteria represent two major
154  lineages that are sibling to Sericytochromatia, Melainabacteria and Oxyphotobacteria (Fig. 1a,
155  1b). Together, Margulisbacteria and Saganbacteria are positioned basal to the Oxyphotobacteria.
156  Importantly, the affiliation of these groups with the Oxyphotobacteria is consistent for

157  phylogenetic trees based on 56 universal single copy proteins (Yu et al., 2017) and 16 ribosomal
158  proteins (Hug et al., 2016) (Fig. 1a, Supplementary Fig. 1, 2). However, the precise position of
159  these three lineages differs depending on the set of markers and phylogenetic models used for
160  tree construction (Fig. 1a, Supplementary Fig. 2) and the deep branching order often cannot be
161  well resolved (Hug et al., 2016; Parks et al., 2017). In addition, the position of Margulisbacteria,
162  Saganbacteria, and Oxyphotobacteria relative to the Thermoanaerobacterales (Fig. 1a) will

163  require further investigation once more genomes for these groups become available. Similar to
164  Sericytochromatia, Oxyphotobacteria and Melainabacteria, the clustering of Saganbacteria,

165  Riflemargulisbacteria and Marinamargulisbacteria is well supported (posterior probability >

166  0.97). However, the analysis of shared protein families among lineages, suggested that

167  Riflemargulisbacteria, Marinamargulisbacteria, and Saganbacteria share less protein families
168  than Oxyphotobacteria, Melainabacteria and Sericytochromatia do (Fig. 1¢). Despite the closer
169  phylogenetic relationship between Riflemargulisbacteria and Marinamargulisbacteria,

170  Riflemargulisbacteria share a greater proportion of protein families with Saganbacteria than with
171 Marinamargulisbacteria, whereas Marinamargulisbacteria share most protein families with the
172 more distantly related Oxyphotobacteria. Taken together, these findings may indicate niche

173  adaptation and a divergent lifestyle of Riflemargulisbacteria and Marinamargulisbacteria.

174

175  Sediment-associated Riflemargulisbacteria: free-living, hydrogen-driven anaerobic

176  heterotrophs

177


https://doi.org/10.1101/328856

bioRxiv preprint doi: https://doi.org/10.1101/328856; this version posted May 25, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

178 Metabolic analyses based on a representative genome of the sediment-associated

179  Riflemargulisbacteria, Margulisbacteria RA1A (96% completeness, Supplementary Table 1),
180  suggest that members of Riflemargulisbacteria are heterotrophic organisms with a fermentation-
181  based metabolism (Fig. 2). They use hydrogenases and other electron bifurcating complexes to
182  balance their reducing equivalents (NADH and ferredoxin), and rely on membrane-bound protein
183  complexes to generate a proton/sodim (H'/Na") potential and to make ATP (Fig. 3a).

184  Phylogenetic analyses of the hydrogenase genes suggested that they were horizontally

185  transferred (Figs. 4a and 4b), and that NiFe hydrogenase from groups 3 and 4, considered to be
186  ancestral (Boyd et al., 2014), are encoded in the genome. The great variety of hydrogenases in
187  Riflemargulisbacteria may also reflect adaptation to conditions in anaerobic aquifer

188  environments and allow these bacteria to fine-tune their metabolisms as conditions shift.

189 We predict that Margulisbacteria RA1A is an obligate anaerobe, as multiple enzymes that
190  participate in central metabolism use ferredoxin as the preferred electron donor/acceptor (Fig. 2).
191  Furthermore, Margulisbacteria RATA lacks most components of the tricarboxylic acid (TCA)
192  cycle and an ETC (Supplementary Table 2). Carbon dioxide (CO,) fixation pathways were not
193  identified in genomes of this lineage (Supplementary Table 2). For further details about the

194  central metabolism of Riflemargulisbacteria see Supplementary Information (Supplementary
195  Text).

196 Hydrogen metabolism appears essential for the sediment-associated

197  Riflemargulisbacteria. In the absence of a well-defined respiratory electron transport chain,

198  reduced ferredoxin can be re-oxidized by reducing H' to H,. Hydrogenases, the key enzymes in
199  hydrogen metabolism, can be reversible and use H, as a source of reducing power, instead of H"
200 as oxidants to dispose of excess reducing equivalents. The assignments of hydrogenase types in
201  this organism were based on phylogenetic analysis of the hydrogenase catalytic subunits (Figs.
202  4a and 4b) and analysis of the subunit composition.

203 We identified three types of cytoplasmic NiFe hydrogenases (groups 3b, 3¢, and 3d) and
204  one type of cytoplasmic FeFe hydrogenase, in addition to two types of membrane-bound NiFe
205  hydrogenases (groups 4e¢ and 4f) (Fig. 2a). Group 4 hydrogenases in particular are among the
206  most primitive respiratory complexes (Boyd et al., 2014). Membrane-bound group 4 NiFe

207  hydrogenases share a common ancestor with NADH dehydrogenase, a protein complex that

208  couples NADH oxidation with H™ or ion translocation (Marreiros et al., 2013). This complex is a
209  key component of respiratory and photosynthetic electron transport chains in other organisms
210  (Friedrich and Weiss, 1997; Friedrich and Scheide, 2000). Given the importance of membrane-
211 bound protein complexes in the generation of a membrane potential in prokaryotic cells, we

212  focused our attention on the membrane-bound hydrogenases found in Riflemargulisbacteria. For
213  adetailed description of cytoplasmic hydrogenases (see Supplementary Text).

214 The Riflemargulisbacteria are predicted to have two types of membrane-bound H;-

215  evolving, ion-translocating group 4 NiFe hydrogenases. One is a group 4¢ membrane-bound

216  NiFe hydrogenase (Fig. 4a), also called energy-conveting hydrogenases (Ech). These enzymes
217  usually couple the oxidation of reduced ferredoxin to H, evolution under anaerobic conditions
218  (Greening et al., 2016), can be reversible (Meuer et al., 2002), and are typically found in

219  methanogens where they function as primary proton pumps (Welte et al., 2010). Genes for two
220  other complexes are found in close proximity to the Ech-type hydrogenase, a V-type ATPase and
221 a Rhodobacter nitrogen fixation (Rnf) electron transport complex (Fig. 2a). These protein

222  complexes may contribute to the generation of a proton motive force in Margulisbacteria RATA.
223  This is remarkable because both the Ech hydrogenase and the Rnf complex are capable of
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224  generating a transmembrane potential, and only a small number of bacteria have been observed
225  to have both (Hackmann and Firkins, 2015). The putative V-type ATPase operon in

226  Margulisbacteria RA1A (atpEXABDIK) resembles those of Spirochaetes and Chlamydiales

227  (Lolkema et al., 2003) (Supplementary Table 3). This complex could hydrolyze ATP with H' or
228  Na' translocation out of the cell. Likewise, the Rnf complex, which generally functions as a

229  ferredoxin:NAD" oxidoreductase in Rhodobacter capsulatum, couples an exergonic redox

230  reaction to Na' translocation across the membrane (Biegel and Muller, 2010). The Rnf operon in
231 Margulisbacteria RA1A is composed of six genes (rnfCDGEAB), similar in organization to the
232  operon in Acetobacterium woodii and evolutionarily related to the Na'-translocating

233  NADH:quinone oxidoreductase (Nqr) (Biegel et al., 2009; Biegel and Muller, 2010).

234 Riflemargulisbacteria genomes also encode putative group 4f NiFe hydrogenases, which
235  are energy-converting hydrogenase-related complexes (Ehr). They are putative because they lack
236  the conserved amino acids that coordinate Ni and Fe (Vignais and Billoud, 2007; Marreiros et
237  al., 2013), and function as ferredoxin:NADP" oxidoreductase complexes in Pyrococcus furiosus
238  (Mbx complexes) (Schut et al., 2007). Ehr complexes are suspected to couple catalytic reactions
239  in the cytoplasm to charge translocation (Marreiros et al., 2013). In this case, we hypothesize that
240  the group 4f NiFe hydrogenases (Supplementary Fig. 3a) may be part of a formate

241 hydrogenlyase complex that transforms formate into CO, + H, coupled to H'/Na" translocation
242 across the membrane. Besides the hydrogenase, additional evidence for the presence of this

243  complex includes a gene for the catalytic subunit (FdhA) of a molybdenum-dependent formate
244  dehydrogenase (Fig. 5) and next to it, two genes encoding FeS cluster-containing subunits. These
245  two genes were annonated as the NADH dehydrogenase electron transfer subunits NuoE and
246  NuoF (Supplementary Fig. 3b; see Supplementary Text).

247 Lastly, Margulisbacteria RA1A encodes a nitrogenase, an enzyme known to produce H,
248  during nitrogen fixation. A phylogenetic analysis of NifH (Supplementary Fig. 4) indicates that
249  this enzyme is different from the nitrogenase in Cyanobacteria. Furthermore, we identified genes
250 that encode a bifurcating FeFe hydrogenase (Fig. 4b; putative trimeric group A3, Supplementary
251  Fig. 5) downstream of the nif operon. In the forward direction, FeFe hydrogenases can bifurcate
252  electrons from H; to ferredoxin and nincotinamide adenine dinucleotide phosphate -NAD(P)"
253  (Greening et al., 2016). Given the proximity of the FeFe hydrogenase genes on the

254  Margulisbacteria RA1A genome to the Nif operon, this enzyme may be responsible for

255  dissipating excess H, generated by the nitrogenase complex involved in N, fixation.

256

257  Marinamargulisbacteria: metabolic potential for aerobic respiration

258

259 Margulisbacteria AATA, the selected representative genome for the oceanic

260  Marinamargulisbacteria (82% completeness, Supplementary Table 1) shows signs of niche

261  adaptation, including the ability to use O, as a terminal electron acceptor and the lack of

262  hydrogenases. This organism relies on aerobic respiration for generation of a H' potential, and
263  instead of pyruvate fermentation to short-chain fatty acids or alcohols, it may use acetate as a
264  source of acetyl-CoA (Supplementary Table 2a). Phylogenetic analysis of the heme-copper

265  oxygen reductase (complex V) indicated that the potential for high-energy metabolism was an
266  independently acquired trait (via HGT) in this organism (Fig. 6, Supplementary Fig. 6).

267 Like the sediment-associated Margulisbacteria, the oceanic Marinamargulisbacteria lack
268  CO, fixation pathways. Thus, we anticipate that they adopt a heterotrophic lifestyle. The genome
269  encodes all enzymes in the TCA cycle (including alpha-ketoglutarate dehydrogenase). NADH
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270  produced via glycolysis and the TCA cycle must be reoxidized. Unlike Riflemargulisbacteria
271  that have membrane-bound NiFe hydrogenases, in Marinamargulisbacteria AA1A we identified
272  genes encoding a six subunit Na -translocating NADH:ubiquinone oxidoreductase (Nqr; EC
273  1.6.5.8; nqrABCDEF’; Supplementary Table 2a). An electron transport chain in

274  Marinamargulisbacteria AA1A (Fig. 2b) could involve electron transfer from NADH to the Nqr,
275  from the Nqr to a menaquinone, then to a quinol:electron acceptor oxidoreductase (alternative
276  Complex III; Fig. 5), and finally to a terminal oxidase (Fig. 6).

277 Phylogenetic analysis of the gene encoding the catalytic subunit (CoxA) of the terminal
278  oxidase confirms that it is a type A heme-copper oxygen reductase (CoxABCD, EC 1.9.3.1;
279  cytochrome c oxidase, (Fig. 6) adapted to atmospheric O, levels. The genes in these organisms
280 are divergent and were probably acquired by horizontal gene transfer based on phylogenetic

281  analysis (Supplementary Fig. 6). The recently released metagenome assembled

282  Marinamargulisbacteria genome UBA6595 from Parks et al. (2017) also encodes an alternative
283  complex III and an type A heme-copper oxygen reductase. In contrast, the Riflemargulisbacteria
284  do not have components of an ETC, except for a single gene of the cytochrome oxidase (coxB)
285  presently with unknown function by itself (Supplementary Table 4). Interestingly, we did not
286  identify any hydrogenases in the oceanic Marinamargulisbacteria, probably due to their different
287  habitat.

288

289  Hydrogen metabolism and electron transport chain configurations in Saganbacteria

290

291 Like Margulisbacteria, Saganbacteria has anaerobic and aerobic representatives. Similar
292  to sediment-associated Margulisbacteria, Saganbacteria are heterotrophic anaerobes that may
293  generate a H'/Na' potential via membrane-bound group 4 NiFe hydrogenases, in combination
294  with an Rnf complex. As occurs in the oceanic Margulisbacteria, aerobic organisms within this
295  lineage also rely on an ETC to generate a H' potential. Notably, based on phylogenetic analysis
296  these aerobic organisms encode what looks like a novel type of heme-copper oxygen reductase
297  (Fig. 6), and one organism (HO1A) also encodes the potential for anaerobic respiration

298  (tetrathionate reductase; Fig. 5).

299 The studied genomes of Saganbacteria encode distinct types of hydrogenases. In the

300 category of cytoplasmic complexes, we only identified one type, the group 3b NiFe

301  sulfthydrogenases, and these occurred in multiple representative genomes (Fig. 4a,

302  Supplementary Table 4). Many Saganbacteria representative genomes also encode three distinct
303  types of membrane-bound hydrogenases (Fig. 4a). Genomic regions including fdhA genes also
304  occur in many Saganbacteria with group 4f NiFe hydrogenases (Supplementary Figs. 3b and c¢),
305  an observation that strengthens the deduction that FHL may occur in these clades.

306 Another type of group 4 NiFe hydrogenase found in Saganbacteria RX5A is enigmatic.
307  The most closely related sequences are for hydrogenases found in candidate phyla such as

308  Zixibacteria and Omnitrophica (Fig. 4a). The genomic region encodes a molybdopterin-

309 containing oxidoreductase that could not be classified by phylogeny. Specifically, it could not be
310  identified as a formate dehydrogenase, although the HMMs suggested this to be the case. Also
311 present in the genomic region are a putative CO dehydrogenase subunit F gene (cooF), and

312  putative anaerobic sulfite reductase subunits A (asr4) and B (asrB) (Supplementary Fig. 3e)
313  genes. Overall, the function of the proteins encoded in this genomic region could not be

314  determined (Supplementary Text).
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315 Two other unclassified putative group 4 NiFe hydrogenases were found in Saganbacteria
316  RX6A (Supplementary Figs. 3d and f). Each shares some components with the enigmatic group
317 4 hydrogenase described above. One of them has antiporter-like subunits and it is

318  phylogenetically most closely related to hydrogenases in Pelobacter propionicus and Clostridia
319  (Fig. 4a, Supplementary Fig. 3f).

320 In terms of their electron transport chain, Saganbacteria HO1A and LO2A possess genes
321  encoding a partial complex I that lacks the NADH binding subunits (NuoEFG) and could use
322  ferredoxin as the electron donor instead (Supplementary Table 4). They also encode a succinate
323  dehydrogenase (SDH) complex that is composed of four subunits and presumably fully

324  functional as a complex II (Supplementary Table 2a). Genes encoding a putative quinol:electron
325  acceptor oxidoreductase complex, which has been previously seen in candidate phyla

326  Zixibacteria (Castelle et al., 2013), may transfer electrons to a terminal reductase and act as a
327  complex III. Quinones, the usual electron donors for this and other respiratory enzymes, were not
328  identified in this genome and alternative biosynthetic pathways should be investigated

329  (Supplementary Table 2a). Remarkably, these genomes also encode for subunits of a quinol

330 oxidase heme-copper oxygen reductase that seems to be a novel type, and that is closely related
331  to a heme-copper oxygen reductase in candidatus Methylomirabilis oxyfera (NC10 phylum) (Fig.
332  6) of unknown type. It is unlikely that these organisms can reoxidize NADH via complex I, and
333 it remains uncertain whether they can use O, as an electron acceptor. Downstream from the

334  genes encoding the putative quinol reductase, there are genes encoding a tetrathionate reductase
335  (Fig. 5), indicating that tetrathionate could be used as a terminal electron acceptor during

336  anaerobic respiration, generating thiosulfate (Hensel et al., 1999). The majority of anaerobic
337  Saganbacteria also possess genes encoding a Rnf complex and a V/A-type ATPase. The V/A-
338  type ATPases have a subunit composition different from that in Riflemargulisbacteria, and their
339  genes are in operons resembling those found in other bacteria and archaea (Supplementary Table
340 3).

341

342  Hydrogen metabolism and electron transport chain configurations in Melainabacteria

343

344 Melainabacteria include organisms capable of fermentation, respiration, or both (Di

345  Rienzi et al., 2013; Soo et al., 2014). In the anaerobic fermentative clades of Melainabacteria, H;
346  plays a central role, and FeFe hydrogenases are more prominent than in Riflemargulisbacteria
347  and Saganbacteria. FeFe hydrogenases generally are more active than NiFe hydrogenases, and
348  are mostly involved in the oxidation of reducing equivalents from fermentation (Bothe et al.,
349  2010). In other clades of Melainabacteria an electron transport chain and a variety of respiratory
350 enzymes can be found, including those for aerobic and anaerobic respiration.

351 Given the importance of hydrogenases and overall similarity in metabolic capacities of
352  Riflemargulisbacteria and Saganbacteria, we investigated newly available genomes for the

353  Melainabacteria for evidence of yet unrecognized H, metabolism in this group. We found that
354  some representative Melainabacteria genomes have cytoplasmic FeFe hydrogenases that are

355  monophyletic with the FeFe hydrogenase in Margulisbacteria, albeit in a separate phylogenetic
356  cluster (Fig. 4b). These new genomes also encode membrane-bound hydrogenases that could be
357 involved in H; production (Fig. 7). For more detail about cytoplasmic hydrogenases, see

358  Supplementary Text.

359 Membrane-bound group 4f NiFe hydrogenases are present in five representative

360 Melainabacteria genomes (Fig. 4a). The sequences in three of the five representative genomes
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361  cluster with sequences from Lentisphaerae, Spirochaetes and Acinetobacter sp., but

362  Melainabacteria BJ4A branches on its own (Fig. 4a). Melainabacteria HO7A has an entirely
363  different kind of group 4f hydrogenase that is closely related to those of a Gracilibacteria sp. and
364  other anaerobic organisms. In addition to membrane-bound group 4f NiFe hydrogenases,

365  Melainabacteria RX6A and BJ4A have an fdhA gene, and RX6A has genes encoding NuoE- and
366  NuoF-like subunits just downstream of the fdhA4 gene. Interestingly, FdhA clusters with proteins
367  found in the Cyanobacteria Nostoc piscinale and Scytonema hofmannii (Fig. 6).

368 Melainabacteria in this study (except for AS1A and AS1B) have a partial complex I,
369  similar to the one in Saganbacteria (Fig. 7, Supplementary Table 4). Melainabacteria,

370 represented by genomes LO5SB, HO7A and BJ4A, encode a partial SDH (complex II).

371 Intriguingly, cytochrome bs (PetB; KEGG ortholog group K02635) and the Rieske FeS subunit
372 (PetC; K02636) of the cytochrome b4 complex (complex II1) were identified by HMMs

373  predictions in these genomes. Only Melainabacteria LO5SB, HO7A, and BJ4A are potentially
374  able to use O, and other terminal electron acceptors. Specifically, Melainabacteria HO7A and
375  BJ4A harbor O; reductases (see Supplementary Text) in the vicinity of genes encoding part of
376  the cytochrome b4f complex (petB and petC), suggesting that they have a complex III/IV

377  combination. Whether Melainabacteria are able to synthesize ubiquinone remains to be

378  determined because only five out nine genes required for its synthesis were identified in the

379  genomes of sediment-associated Melainabacteria (Supplementary Table 2a).

380 Other forms of respiration were predicted in some Melainabacteria in this study. For

381  instance, Melainabacteria LO5A encodes a cytoplasmic nitrite/nitrate oxidoreductase (Fig. 5).
382  Nitrite/nitrate oxidoreductases (NXR) participate in the second step of nitrification, the

383  conversion of nitrite to nitrate and can also be reversible (Liicker et al., 2010). These genes are
384  followed by another gene encoding cytochrome b (petB) and a nitrate/nitrite transporter (nark;
385 K02575).

386

387  Additional complexes possibly involved in electron bifurcation

388

389 Some Margulisbacteria RA1A, Saganbacteria and Melainabacteria have complexes

390 predicted to be involved in electron bifurcation. Electron bifurcation is the most recently

391  described mechanism for energy conservation (the alternative mechanisms are substrate-level
392  phosphorylation and electron transport phosphorylation) (Buckel and Thauer, 2013). For

393  hydrogenase-based electron bifurcation, reduced ferredoxin and NAD(P)H (redox carriers with
394  very different electrode potentials) are oxidized, coupled to the reduction of H' to form H,

395  (Peters et al., 2016). This reaction can also work in the reverse as the electron bifurcation

396  complex is bidirectional. Electron bifurcation complexes allow balance of reduced and oxidized
397  cofactors in anaerobic environments, where electron acceptors are limited (Boyd et al., 2014).
398 In close proximity to the region encoding FdhA in Margulisbacteria RA1A and most
399  Saganbacteria genomes, we identified genes encoding a NADH-dependent reduced ferredoxin:
400 NADP oxidoreductase (Nfn) complex (Fig. 2a). Nfn complexes use 2 NADPH molecules to
401  catalyze the reversible reduction of oxidized ferredoxin and NAD" (Demmer et al., 2015), thus it
402  isinvolved in electron bifurcation.

403 Margulisbacteria RA1A, all Saganbacteria and many Melainabacteria have genes

404  encoding a putative butyryl-CoA dehydrogenase (Bcd) in close proximity to genes encoding
405  electron transfer flavoprotein subunits EtfA and EtfB (Fig. 2a). Together, these may form a

406  Bcd/EtfAb complex, which is usually involved in electron bifurcation reactions between
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407  crotonyl-CoA, ferredoxin and NADH. Specifically, Bcd catalyzes the transformation of short-
408  chain acyl-CoA compounds to short-chain trans-2,3-dehydroacyl-CoA using electron-transfer
409 flavoproteins as the electron acceptor (EtfAB). Alternatively, this complex in Margulisbacteria
410 RAIA could be coupled to oxidation through lactate dehydrogenase under conditions of low
411  carbon availability (see Supplementary Text).

412

413  Discussion

414

415 Contemporary non-photosynthetic relatives of the Oxyphotobacteria share several

416  interesting genomic features that frame photosynthesis in the context of metabolisms that likely
417  existed prior to its evolution. These include numerous hydrogenases, widespread lack of an

418  oxidative phosphorylation pathway, and lack of carbon dioxide fixation pathways. Against this
419  background, photosynthesis represents a dramatic net-energy gain and access to a different life
420  strategy — one that does not rely on limited organic carbon as a source of electrons or complexes
421  that provide only low-energy yields linked to ion translocation.

422 We set out to study the metabolic potential of the phylogenetic relatives of

423  Oxyphotobacteria and identified genomic traits that may have been present in their common
424  ancestor. The genomes described here present a more detailed picture than was previously

425  available of the metabolic platform in which oxygenic photosynthesis and aerobic respiration
426  evolved. Based on our analyses, the common ancestor of Margulisbacteria, Saganbacteria,

427  Melainabacteria, Sericytochromatia, and Oxyphotobacteria was likely an anaerobe with

428  fermentation-based metabolism. Even today, Oxyphotobacteria can switch to fermentative

429  metabolism under anoxic conditions, and at the heart of this process is a bidirectional group 3d
430 NiFe hydrogenase (Appel, 2012).

431

432 Hydrogen metabolism may be a common thread in the evolutionary history of

433  Oxyphotobacteria and sibling lineages

434

435 Anaerobic representatives of Riflemargulisbacteria and Saganbacteria have multiple
436  protein complexes that participate in electron-transport phosphorylation (ETP) and electron

437  bifurcation (EB) in the context of H, metabolism. In Riflemargulisbacteria and Saganbacteria,
438 membrane-bound group 4 NiFe hydrogenases may have a respiratory function. These protein
439  complexes could make up a minimal, highly efficient respiratory chain, as previously suggested
440  for these types of enzymes (Greening et al., 2016). Riflemargulisbacteria is unique among the
441  anaerobic lineages because its genome is predicted to encode multiple cytoplasmic H»-

442  consuming hydrogenases, in addition to membrane-bound energy-conserving H-evolving NiFe
443  hydrogenase (Ech; Group 4e), an Rnf complex, and potentially a FHL complex. The cytoplasmic
444  hydrogenases constitute the main mechanism by which these bacteria oxidize reducing

445  equivalents that result from core metabolic pathways, and produce H,. The main function of the
446  Ech hydrogenase and the Rnf complex is to couple ferredoxin oxidation with ion-translocation;
447  and a V-type ATPase could be involved in ATP synthesis from the ion potential generated from
448  both these complexes. Anaerobic Saganbacteria that also possess an Rnf complex and a V-type
449  ATPase may be able to use this mechanism for energy conservation as well. Furthermore, two
450  groups of closely related Saganbacteria have group 4 hydrogenases with unknown electron

451  donors that may also be involved in the creation of a H'/Na" potential. Thus, Saganbacteria could
452  still produce energy via group 4 NiFe hydrogenases.
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453 The the putative formate hydrogenlyase (FHL) complex in anaerobic

454  Riflemargulisbacteria and Saganbacteria is highly unusual. We speculate that this putative FHL
455  may be an ancient form of the complex and involved in oxidative phosphorylation. Under high
456  extracellular formate concentrations, the E. coli FHL complexes release electrons from formate
457  oxidation that are passed down other peripheral subunits containing FeS-binding clusters to the
458  site for H, formation (Pinske and Sawers, 2016). Of the two different hydrogenases that are

459  considered to be part of an FHL complex in E. coli, only hydrogenase 3 (encoded by /&yc genes)
460  has been purified (McDowall et al., 2014). Moreover, ion-translocation has only been observed
461  in similar complexes in the genus Thermococcus (Kim et al., 2010). However, we suspect that in
462  Riflemargulisbacteria and Saganbacteria the Nuo-like electron transfer subunits together with the
463  small and large NiFe hydrogenase subunits pass electrons down to the transmembrane subunits,
464  where ion translocation takes place. For other Ehr complexes (e.g., Mbx and Mbh hydrogenases),
465 it was suggested that the distance between the formate dehydrogenase and membrane-bound

466  subunits is important for the creation of an electrochemical potential across the membrane

467  (Marreiros et al., 2013). Alternatively, the putative group 4f hydrogenase in these organisms may
468 interact with an unknown substrate that allows for an electron bifurcation mechanism.

469 Riflemargulisbacteria, Saganbacteria, and Melainabacteria all have putative group 4f

470  membrane-bound NiFe hydrogenases that lack the known catalytic residues, possibly due to the
471  divergence between these sequences and hydrogenases that have been studied experimentally.
472  Experimental testing is needed to determine whether these hydrogeases are part of FHL

473  complexes, are expressed, assembled and functional. The existence of FHL complexes that might
474  include the group 4f hydrogenase is even more questionable in Melainabacteria BJ4A, because
475  the genes encoding the electron transfer subunits were not identified. Such complexes were not
476  identified in previously described Melainabacteria either (Di Rienzi et al., 2013). Regardless of
477  the true function of the putative group 4f membrane-bound NiFe hydrogenases, it is interesting
478  to discover the variety of other membrane-bound energy-conserving complexes in lineages

479  sibling to Oxyphotobacteria. Membrane-bound group 4 NiFe hydrogenases share a common

480  ancestor with the NADH dehydrogenase (Complex I) and the FHL complex, in which the

481  catalytic subunits of NiFe hydrogenases may have later become the electron transfer subunits of
482  complex I (Friedrich and Scheide, 2000; Marreiros et al., 2013).

483 Notable in Riflemargulisbacteria in particular (but present in other groups) are a variety
484  of potential electron bifurcating complexes, including the Nfn and Bed/Etf complexes (Lubner et
485 al., 2017). Although not described as such, cytoplasmic NiFe hydrogenases (groups 3¢ and 3d)
486  and cytoplasmic bidirectional FeFe hydrogenases could be involved in electron bifurcation.

487  Overall, we identified potentially six electron bifurcation complexes in Riflemargulisbacteria.
488  These are common in fermentative organisms, but the number and variety found in

489  Riflemargulisbacteria is notable. These complexes probably serve as the primary mechanism to
490  balance of redox carriers in these organisms.

491

492  Aerobic and anaerobic electron transport chains, the gain of high-energy metabolism

493

494 From the perspective of metabolic evolution, it is interesting to consider the origin of
495  high electrode potential electron transport chains and their components. In this study, we were
496  particularly interested in the electron entry (complex ) and exit points (terminal oxidases).

497  Within the Saganbacteria and Melainabacteria, Saganbacteria HO1A and LO2A and

498  Melainabacteria LO5SB, HO7A and BJ4A are the only organisms that posses some sort of an
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499 electron transport chain. Given the prediction that the common ancestor of all groups was a

500 fermentative anaerobe, we suspect that the ETC and ability to use O, was a later acquired trait.
501 Saganbacteria HO1A and LO2A and most Melainabacteria in this study (except AS1A
502  and AS2A) have in common with Oxyphotobacteria the lack of the NADH module of NADH
503  dehydrogenase (complex I). Respiration in the thylakoid membrane of Oxyphotobacteria is

504  mostly initiated from succinate rather than NADH. However, how succinate dehydrogenase
505  (SDH; complex II) works in Synechocystis sp. is not completely understood, in part due to the
506 lack of two (out of four) subunits (Vermaas, 2001; Lea-Smith et al., 2016). This is also the case
507  in Melainabacteria LOSB, HO7A and BJ4A. The complex I found in Saganbacteria HO1A and
508 LO2A and Melainabacteria may be involved in proton translocation independent of NADH

509  oxidation, and thus it may play a role similar to that of membrane-bound NiFe hydrogenases.
510 Remarkably, Saganbacteria HO1A and LO2A also carry a putative novel type of heme-copper
511  oxygen reductase (quinol oxidase), which could act as the terminal reductase in an electron

512  transport chain.

513 Only Marinamargulisbacteria is predicted to have an electron transport chain that

514  includes an alternative complex I1I (ACIII) and a type A heme-copper oxygen reductase

515  (cytochrome oxidase adapted to high O, levels), which may act as the intermediary between
516  complex I and the terminal oxidase. Marinamargulisbacteria UBA6595 (Parks et al., 2017) and
517  Sericytochromatia CBMW 12 (Soo et al., 2017) are the only other related bacteria known to
518  have an ACIII and a type A heme-copper oxygen reductase. Phylogenetic analyses indicate that
519  Marinamargulisbacteria and Sericytochromatia acquired this complex by lateral gene transfer.
520  Given that Marinamargulisbacteria AA1A was found in the ocean, where dissolved O, may be
521  available, it must have evolved the necessary machinery (i.e., complex I, menaquinone, ACIII,
522  cytochrome oxidase) to take advantage of O, as a terminal electron acceptor. Similarly,

523  fermentation and H, metabolism may be less relevant in the water column, and this clade may
524  have lost the ancestral traits that were advantageous in other redox conditions.

525 The type C heme-copper oxygen reductase (complex IV) found in Melainabacteria

526 HO7A and BJ4A may be adapted to low O; levels, as expected for microaerophilic or anoxic
527  environments such as the subsurface and the human gut. Some aerobic Melainabacteria studied
528  here, as well as Obscuribacter phosphatis (Soo et al., 2014; Soo et al., 2017), have a fusion
529  involving complex III and complex IV. However, we annotated the proteins related to complex
530 III in these Melainabacteria as cytochrome bgf subunits. If correct, this is important because

531  complex byf has only been found to play the role of complex III in Oxyphotobacteria (Soo et al.,
532  2017). Thus, cytochrome bsf complex may have been present in the common ancestor of all of
533 these lineages.

534 Notably, Melainabacteria BJ4A could have a branched electron transport chain, with one
535  branch leading to a cytochrome d ubiquinol oxidoreductase and the other leading to the type C
536  heme-copper oxygen reductase. Both these enzymes have high affinity for O,, thus are adapted
537  tolow O, levels. This is unusual considering that when two O, reductases are present in other
538  lineages studied here and Oxyphotobacteria they have different O, affinities. For instance,

539  Oxyphotobacteria have a type A heme-copper oxygen reductase (low O, affinity, adapted to high
540 O levels) in the thylakoid membrane and a quinol cytochrome bd oxidase (high affinity for O,)
541  in the cytoplasmic membrane (in addition to a cytochrome bo oxidase) (Vermaas, 2001).

542  Sericytochromatia also have two types of heme-copper oxygen reductases, type A and type C,
543  that also differ in their affinity for O, (low and high affinity, respectively).

544
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545  Absence of genes involved in carbon fixation and photosynthesis in linages sibling to

546  Oxyphotobacteria

547

548 Based on the absence of genes for CO2 fixation and photosynthetic machinery in

549  Melainabacteria and Sericytochromatia, the lineages most closely related to Oxyphotobacteria, it
550  was suggested that these capacities arose after their divergence (Di Rienzi et al., 2013; Shih et
551  al., 2017; Soo et al., 2017). However, the alternative possibility is that they were a characteristic
552  of their common ancestor, but lost in Melainabacteria and Sericytochromatia. The current

553  analyses support the former conclusion, given the essentially complete lack of genes that may be
554  involved in carbon fixation and photosynthesis in two additional lineages sibling to

555  Melainabacteria, Sericytochromatia, and Oxyphotobacteria.

556

557  Concluding remarks

558

559 There is considerable interest in the metabolism of lineages sibling to the Cyanobacteria.

560  Genomes from these lineages may provide clues to the origins of complexes that could have
561  evolved to enable aerobic (and other types of) respiration via an electron transport chain. Based
562  on the analyses presented here, we suggest that H, was central to the overall metabolism, and
563  hydrogenases and the Rnf complex played central roles in proton translocation for energy

564  generation, with redox carrier balance reliant upon electron bifurcation complexes. Overall,
565  members of the lineages related to Oxyphotobacteria appear to have evolved to optimize their
566  metabolisms depending on their redox environment.

567

568 Methods

569

570  Samples collection, DNA extraction, and sequencing

571 Genomes in this study were recovered from several sources (Supplementary Table 1).

572  Margulisbacteria GW1B-GW 1D, Saganbacteria HO1A, HO1B, LO2A, LO2B, HO2C, RX3A-
573  RX8C, Melainabacteria HO7A, LO5SA, LO5B, RX6A-RX6C, GW8A, and GW9A originated
574  from an alluvial aquifer in Rifle, CO, USA (groundwater samples). For sampling, DNA

575  processing, sequencing information, metagenome assembly, genome binning and curation of
576  these aquifer genomes see Brown, et al. (2015) and Anantharaman, et al. (2016).

577 Margulisbacteria RA1A was obtained from an acetate amendment experiment (Rifle

578  Acetate Amendment Columns) conducted at Rifle in 2010 (Handley et al., 2015). Individual
579  columns packed with sediment (13 and a background sample) were sacrificed from days 13 to 61
580  to encompass two geochemical processes: iron reduction and sulfate reduction (Kantor et al.,
581  2013). DNA extraction, Illumina library preparation and DNA sequencing protocols were

582  described elsewhere (Wrighton et al., 2012; Handley et al., 2015).

583 Margulisbacteria AATA and AG2A-AG6A were collected from the Gulf of Maine at a 1
584  m depth off the coast of Boothbay Harbor, Maine (43.84 N, -69.64 W) on 16 September, 2009
585 (AAAO071) and sorted immediately, targeting small heterotrophic protists, as described

586  previously (Martinez-Garcia et al., 2012). 1 mL samples were collected at a depth from 112 m
587  and 180 m the Southeast Pacific Ocean (-23.46 N, -88.77 E and -26.25 N, -103.96 E for AG-333
588 and AG-343, respectively) on 1 December, 2010, from the Western Atlantic Ocean at a depth of
589 100 m (9.55 N, -50.47 E and 24.71 N, -66.80 E for AG-410 and AG-414, respectively) on 1
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590  June, 2010, and at a depth of 72 m in the Eastern Atlantic (17.40 N, -24.50 E) on 1 December,
591 2011 (AG-439), amended with 10% glycerol and stored at —80°C.

592 Melainabacteria BJ4A was obtained from the Mizunami Underground Research

593  Laboratory in Japan. For sampling refer to Ino et al. (2017) and for DNA processing and

594  sequencing methods refer to Hernsdorf et al. (2017). In brief, groundwater (30 L) was collected
595  in 2014 from a highly fractured bedrock domain (HFDB) in a horizontal borehole (interval #3)
596  part of a 300 m deep stage, by filtration through 0.22 um GVWP filters. Genomic DNA was

597  extracted using an Extrap Soil DNA Kit Plus version 2 (Nippon Steel and Sumikin EcoTech

598  Corporation), libraries prepared using TruSeq Nano DNA Sample Prep Kit (Illumina), and 150
599  bp PE reads with a 550 bp insert size were sequenced by Hokkaido System Science Co. using
600  Illumina HiSeq2500 (Hernsdorf et al., 2017). Data assembly and genome binning was carried out
601  as described in Hernsdorf et al. (2017).

602 Four other Melainabacteria genomes (AS1A, AS2A, AS3A, and AS3B) were part of a
603  study of the microbiome in the arsenic-impacted human gut. Faecal samples were obtained from
604 10 Bangladeshi men (aged between 27-52) from the Laksam Upazila, Bangladesh, that all

605  displayed signs of arsenicosis and were consuming arsenic in their drinking water. Samples were
606  collected on four consecutive days and stored at -20°C until they were shipped to the UK on dry
607  ice. The samples were then stored at -80°C until nucleic acid extraction. DNA was isolated from
608 the faecal samples using PowerFaecal DNA isolation kit (MoBio) according to the

609  manufacturer’s instructions and stored at -20°C until they were sent to RTLGENOMICS (Texas,
610  USA) frozen on dry ice. Samples were then prepared using the Kapa HyperPlus Kit (Kapa

611  Biosystems) following the manufacturer’s protocol, except that the DNA was fragmented

612  physically using the Diagenode Bioruptor, instead of enzymatically. The resulting individual
613  libraries were run on a Fragment Analyzer (Advanced Analytical) to assess the size distributions
614  of the libraries, quantified using a Qubit 2.0 fluorometer (Life Technologies), and also quantified
615  using the Kapa Library Quantification Kit (Kapa Biosystems). Individual libraries were then

616  pooled equimolar into their respective lanes and loaded onto an [llumina HiSeq 2500 (Illumina,
617  Inc.) 2 x125 flow cell and sequenced.

618
619  Data processing, assembly and binning
620 Margulisbacteria RA1A4: Reads for each of the 14 RAAC samples were first trimmed

621  using sickle (https://github.com/najoshi/sickle) and assembled using idba ud (Peng et al., 2012)
622  with default parameters. To bin the assembled data we used an abundance-pattern based

623  approach in which scaffolds are clustered based on their abundance across multiple samples
624  (Sharon et al., 2013) using ESOM (Ultsch and Mérchen, 2005; Dick et al., 2009). Reads were
625  mapped separately to each of the 14 assemblies using bowtie (Langmead et al., 2009) with

626  parameters -q -n 2 -e 200 -p 6 --best --sam. To prepare the data for ESOM we used version 1.00
627  of the script prepare_esom_files.pl

628  (https://github.com/CK7/esom/blob/master/prepare_esom_files.pl) with the 14 read mapping
629 files for each assembly and window and minimum size parameters both set to 3000 bps. Binning
630 itself was done manually for each of the 14 ESOM maps. Overall we recovered 361 bins.

631  Description of the rest of the data will be provided elsewhere. Bin for Margulisbacteria RAAC
632  was recovered from the aacl1 sample, during the sulfate reduction phase (Kantor et al., 2013).
633 Melainabacteria AS14-AS3B: Reads for each of the arsenate gut samples were trimmed
634  and assembled using the same method as Margulisbacteria RAAC (see above). Samples were
635  binned using DASTool v1.0 (Sieber et al.) with input bins generated using CONCOCT v0.4.1
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636  (Alneberg et al., 2014), ABAWACA v1.00 (https://github.com/CK7/abawaca), MaxBin v2.2
637 (Wuetal., 2016), and the ggKbase binning interface (Raveh-Sadka et al., 2015). For AS1A and
638 AS2A, GC content, coverage, and phylogenetic profile were used for refinement of the genomes.
639

640  Curation of genomes derived from metagenomes

641 Margulisbacteria RA1A4: The ESOM bin included 147 scaffolds. The bin was then

642  manually curated by using a mini-assembly approach as described in Sharon et al. (2013). The
643  mini-assembly process is iterative and was done manually as follows. First, the reads from the
644  aacll sample are mapped to the bin scaffolds using bowtie with parameters as described above.
645  Next, for each scaffold end, all reads that align to the end are collected along with their pair-end
646  mates. These reads are then assembled and the scaffold is elongated based on this local

647  assembly. Elongation process stops once either one or more other scaffolds are linked to the end
648  or when no local assembly can be generated, usually due to low or no coverage. The process is
649  repeated until no further elongation can be done to any of the scaffolds. 23 mini-assembly

650 iterations were performed overall. Resulting number of scaffolds is 111, with a total length of
651  3.43 mbp. As was discovered during the process, the high number of scaffolds is due to the

652  presence of close to 80 transposase and integrase genes in the genome.

653 Assembly errors were identified and repaired using a previously described method

654  (https://github.com/christophertbrown/fix_assembly errors/releases/tag/2.00) (Brown et al.,

655  2015). Briefly, errors were identified as regions of no coverage by stringently mapped paired-
656  read sequences. Stringent mapping was conducted by first mapping reads to the assembly using
657 Bowtie2 (Langmead and Salzberg, 2012) with default parameters for paired-reads. The software
658  repairs assembly errors using Velvet (Zerbino and Birney, 2008), to re-assemble reads that map
659  to those regions based on less-stringent criteria (only one read in the pair has to map to a

660  particular region with less than two mismatches). The final assembly was visually inspected with
661  mapped paired read sequences using Geneious (Kearse et al., 2012). As a result of this process,
662  about 98% of the genes remained unchanged. Contigs whose phylogenetic affiliation did not
663  match that of the majority were removed from the genome.

664 Melainabacteria BJ4A: Local assembly errors were manually identified and repaired and
665 the genome was curated in Geneious. Paired reads were used to full gaps and to extend and join
666  scaffolds.

667 Melainabacteria AS14-AS3B: Local assembly errors were identified and repaired using
668  the previously described method (Brown et al., 2015).

669  Single-cell genomics

670 The generation, identification, sequencing and assembly of single amplified genomes
671  (SAGs) was performed at the Bigelow Laboratory Single Cell Genomics Center

672  (scgc.bigelow.org). Samples were initially passed through a 70 pm (AAA071) or 40 um (others)
673  strainer (Becton Dickinson) and incubated for 10—60 min with LysoTracker Green (AAAQ71) or
674  SYTO-9 (others) stains (Thermo Fisher Scientific). Fluorescence-activated cell sorting (FACS)
675  was performed with the BD MoFlo (AAAO071) or InFlux Mariner (others) flow cytometers

676  equipped with 488 nm lasers and 70 um nozzle orifices (Becton Dickinson). Cytometers were
677  triggered to sort on side scatter, and the “single-1 drop” mode was used for purity. For each

678  sample, individual cells were deposited into 384-well plates containing 600 nL per well of 1x TE
679  buffer and stored at —80°C until further processing: 315 or 317 wells were dedicated for single
680 particles, 66 or 64 wells were used as negative controls (no droplet deposition), and 3 wells

681  received 10 particles each to serve as positive controls. The DNA for each cell was amplified
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682  using MDA (AAAO071) or WGA-X (others), as previously described in Stepanauskas et al.

683  (2017). 16S RNA genes were analyzed as in in Stepanauskas et al. (2017). Shotgun Illumina

684 libraries were created and sequenced, and the reads were assembled using SPAdes v3.9.0

685  (Bankevich et al., 2012) with modifications, as previously described (Stepanauskas et al., 2017).
686  Three bacterial benchmark cultures were used to evaluate SAGs for assembly errors. Benchmark
687  cultures have diverse genome complexity and %GC, resulting in 60% average genome recovery,
688  no non-target and undefined bases, and average frequencies of misassemblies, indels and

689  mismatches per 100 kbp: 1.5, 3.0, and 5.0 (Stepanauskas et al., 2017). Bacterial symbiont contigs
690  of the protist SAG AAA071-K20 were identified and separated from the host genome using

691  tetramer principal component analysis, relying on the first two principal components (Woyke et
692 al., 2009). Final SAG assemblies are deposited in the Joint Genome Institute Integrated

693  Microbial Genomic database (https://img.jgi.doe.gov/).

694
695  Completeness estimation
696 Genome completeness was evaluated based on a set of 51 single copy genes previously

697  used (Anantharaman et al., 2016). Genomes from metagenomes and single-cell genomes were
698  categorized according to the minimum information about a metagenome-assembled genome
699 (MIMAG) and a single amplified genome (MISAG) of bacteria and archaea (Bowers et al.,

700  2017).

701

702  Functional annotations

703 Predicted genes were annotated using Prodigal (Hyatt et al., 2010), and similarity

704  searches were conducted using BLAST against UniProtKB and UniRef100 (Suzek et al., 2007),
705  and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Ogata et al., 1999) and uploaded
706  to ggKbase (http://www.ggkbase.berkeley.edu). Additionally, the gene products were scanned
707  with hmmsearch (Finn et al., 2011) using an in house Hidden Markov Models (HMMs) database
708  representative of KEGG orthologous groups. More targeted HMMs were also used to confirm
709  the annotation of genes encoding hydrogenases (Anantharaman et al., 2016).

710

711 Gene content comparison

712 Inference of clusters of orthologous proteins was performed with OrthoFinder 2.1.3

713  (Emms and Kelly, 2015) on a set of genomes representing the following class and phylum level
714 lineage-specific pangenomes: Margulisbacteria (n=14), Saganbacteria (n=26), Sericytochromatia
715 (n=3), Melainabacteria (n=17) and Cyanobacteria (n=34). Pangenomes include all proteins found
716  in the respective set of genomes. Cyanobacterial genomes were de-replicated so that for each
717  genus available in IMG (Chen et al., 2016) one genome was included in the dataset. Shared

718  protein families between lineage pangenomes and lineage-specific protein families were

719  identified based on the OrthoFinder orthogroups table. For each pairwise pangenome comparison
720  the average percentage of shared protein families was calculated based on the total number of
721 shared protein families divided by the sum of non-lineage specific protein families found in the
722  two pangenomes. The pangenome comparisons were visualized using the python packages

723  matplotlib and pyUpSet (https://github.com/ImSoErgodic/py-upset).

724
725  Phylogenomics
726 Two different species trees were constructed, the first tree to place Sagan- and

727  Margulisbacteria into phylogenetic context with other bacterial phyla and the second one to
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728  provide a more detailed view of taxonomic placement of different Sagan- and Margulisbacteria.
729  To reduce redundancy in the first species tree DNA directed RNA polymerase beta subunit

730  160kD (COGO0086) was identified in reference proteomes, Saganbacteria and Margulisbacteria
731 using hmmsearch (hmmer 3.1b2, http://hmmer.org/) and the HMM of COG0086 (Tatusov et al.,
732 2000). Protein hits were then extracted and clustered with cd-hit (Fu et al., 2012) at 65%

733  sequence similarity. Cluster-representatives were used to build the species tree of the

734  Terrabacteria. For the detailed species tree (Fig. 1b), pairwise genomic average nucleotide

735  identity (gANI) was calculated using fastANI (Jain et al., 2017). Only genome pairs with an

736  alignment fraction of greater than 70% and ANI of at least 98.5% were taken into account for
737  clustering with mcl (Enright et al., 2002). Representatives of 98.5% similarity ANI clusters were
738  used for tree building based on two different sets of phylogenetic markers; a set of 56 universal
739  single copy marker proteins (Eloe-Fadrosh et al., 2016; Yu et al., 2017) and 16 ribosomal

740  proteins (Hug et al., 2016). For every protein, alignments were built with MAFFT (v7.294b)

741 (Katoh and Standley, 2013) using the local pair option (mafft-linsi) and subsequently trimmed
742  with BMGE using BLOSUM30 (Criscuolo and Gribaldo, 2010). Query genomes lacking a

743  substantial proportion of marker proteins (less than 28 out of 56) or which had additional copies
744  of more than three single-copy markers were removed from the data set. Single protein

745  alignments were then concatenated resulting in an alignment of 13849 sites for the set of 56

746  universal single copy marker proteins and 2143 sites for the 16 ribosomal proteins. Maximum
747  likelihood phylogenies were inferred with [Q-tree (multicore v1.5.5)(Nguyen et al., 2015) using
748  LG+F+I+G4 as suggested (BIC criterion) after employing model test implemented in 1Q-tree. To
749  milder effects of potential compositional bias in the dataset and long-branch attraction in the 56
750  universal single copy marker protein trees, the concatenated alignments were re-coded in

751 Dayhoftf-4 categories (Schwartz and Dayhoff, 1978; Lartillot et al., 2009; Lartillot et al., 2013)
752  and phylogenetic trees were calculated with PhyloBayesMPI (Lartillot et al., 2013) CAT+GTR
753  in two chains, which both converged with maxdiff=0.09 for the Terrabacteria species tree and
754  maxdiff=0.11 for the detailed species tree. The first 25% of trees in each chain were discarded as
755  burn-in. Phylogenetic tree visualization and annotation was performed with ete3 (Huerta-Cepas
756  etal., 2016).

757
758  Catalytic subunit of NiFe and FeFe hydrogenases and NifH phylogenetic tree
759 Based on existing annotations target proteins were identified in query proteomes and

760  reference organisms. These proteins were then used to query the NCBI non-redundant (nr)

761  database with diamond blastp (Buchfink et al., 2014). The top 20 hits per query were extracted,
762  merged with queries, de-replicated based on protein accession number and then clustered at 70%
763  and 90% amino acid sequence similarity with cd-hit (Fu et al., 2012). Alignments of cluster

764  representatives were built with MAFFT (v7.294b) (Katoh and Standley, 2013) and maximum-
765  likelihood phylogenetic trees inferred with [Q-tree (multicore v1.5.5) (Nguyen et al., 2015) using
766  the model suggested by the model test feature featured in 1Q-tree (based on Bayesian information
767  criterion). Phylogenetic models used were LG+R5 (NifH), LG+R6 (FeFe Hydrogenases) and
768  LG+RS8 (NiFe Hydrogenases) . To milder effects of long-branch attraction additional

769  phylogenetic trees were constructed with PhyloBayesMPI CAT+GTR (version 1.7) (Lartillot et
770  al., 2013) in two chains, which both converged with maxdiff of 0.18 (NifH tree), 0.16 (FeFeHyd
771 tree), 0.25 (NiFe Hydrogenases). The first approximately 30% of trees were discarded as burn-in.
772  Phylogenetic trees were visualized in ete3 (Huerta-Cepas et al., 2016).

773
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774  Catalytic subunit of dimethyl sulfoxide reductase (DMSO) superfamily protein and catalytic
775  subunit I of heme-copper oxygen reductases phylogenetic trees

776 Each individual protein data set was aligned using Muscle version 3.8.31 (Edgar, 2004a,
777  b) and then manually curated to remove end gaps. Phylogenies were conducted using RAxML-
778  HPC BlackBox (Stamatakis, 2014) as implemented on the CIPRES web server (Miller et al.,
779  2010) under the PROTGAMMA JTT evolutionary model and with the number of bootstraps
780  automatically determined.

781
782  HCO A-family oxygen reductase protein tree
783 Homologs of CoxA in Marinamargulisbacteria and Saganbacteria genomes were

784  identified from HMM searches. Other homologs were gathered from Shih et al. (2017).

785  Sequences were aligned with MAFFT using the —maxiterate (Katoh et al., 2005). Phylogenetic
786  analysis was performed using RAXML through the CIPRES Science Gateway (Stamatakis, 2014)
787  under the LG model.

788
789  Data availability
790 New and published genomes included in this study and corresponding gene annotations

791 can be accessed at https://ggkbase.berkeley.edu/Margulis_Sagan Melaina/organisms (ggKbase is
792  a'live' site, genomes may be updated after publication). Further details are provided in

793  Supplementary Table 1.
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871  Figure 1. Phylogenetic tree based on fifty-six concatenated proteins and shared protein
872 families in Cyanobacteria (Oxyphotobacteria), Sericytochromatia, Margulisbacteria,
873  Saganbacteria, and Melainabacteria. a. Location of Margulisbacteria and Saganbacteria in a
874  de-replicated species tree of the Terrabacteria (detailed tree shown as Supplementary Fig. 1). b.
875  Phylogenetic relationship of members of the Margulisbacteria and Saganbacteria. See
876  Supplementary Table 1 for genome identification details c¢. Shared protein families among
877  lineages: rows cover the total number of protein families shared among lineages and dots
878 indicate which lineages are being compared. For example, the top bar indicates that in average
879  75% of protein families are shared between Oxyphotobacteria and Melainabacteria, out of which
880  25% are exclusively shared between them. The other 50% includes proteins that are shared with
881  at least one other lineage. At the bottom, bars show the total number of protein families found in
882 a given lineage in gray, and the proportion that is shared with one or more other lineages in
883  black. For details on taxon sampling, tree inference and shared protein families, see Materials
884  and methods.
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888  Figure 2. Margulisbacteria RA1A cell cartoon. Key enzymes predicted to be involved in core
889  metabolic pathways include: (1) glucokinase, (2) glucose-6-phosphate isomerase, (3) 6-
890  phosphofructokinase 1, (4) fructose-bisphosphate aldolase class I and II, (5) triosephosphate
891  isomerase, GAPDH: glyceraldehyde 3-phosphate dehydrogenase, GAPOR: glyceraldehyde-3-
892  phosphate dehydrogenase (ferredoxin), (7) phosphoglycerate kinase, (8) phosphoglycerate
893 mutase 2,3-bisphosphoglycerate-dependent and 2,3-bisphosphoglycerate-independent, (9)
894  enolase, (10) pyruvate kinase, (11) fructose-1,6-bisphosphatase III, (12) transketolase, (13)
895  ribulose-phosphate 3-epimerase, (14) ribose 5-phosphate isomerase B, (15) ribose-phosphate
896  pyrophosphokinase, (16) ribokinase, (17) pyruvate, orthophosphate dikinase, (18) pyruvate water
897  dikinase, LDH: lactate dehydrogenase, (20) phosphoenolpyruvate carboxykinase (ATP), (21)
898 citrate synthase, (22) aconitate hydratase, IDH: isocitrate dehydrogenase, OFOR: 2-oxoglutarate
899 ferredoxin oxidoreductase, (25) succinyl-CoA synthetase, (26) succinate dehydrogenase, (27)
900 fumarate hydratase, (28) malate dehydrogenase, ME: malic enzyme (oxaloacetate-
901  decarboxylating), (30) aspartate transaminase, (31) asparagine synthetase, (32) L-aspartate
902 oxidase, (33) glutamate synthase, (34) glutamine synthetase, PFOR: pyruvate:ferredoxin
903 oxidoreductase  or  Nif]:  pyruvate-ferredoxin/flavodoxin  oxidoreductase, = AFOR:
904  aldehyde:ferredoxin oxidoreductase, ADH: alcohol dehydrogenase, (38) phosphate
905  acetyltransferase, (39) acetate kinase.
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909 Figure 3. Schematic view of the key protein complexes characteristic of (a)
910 Margulisbacteria RA1A, (b) Margulisbacteria AA1A. Protein complexes encoded by genes in
911  close proximity in the RATA genome are highlighted as follows: the group 4e NiFe hydrogenase,
912  the V-type ATPase, and the Rnf complex in puple; the nitrogenase and the putative group A3
913  FeFe hydrogenase in blue; and the putative FHL and Nfn complexes in yellow.
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933  Figure S. Phylogenetic analysis of the catalytic subunits of the dimethyl sulfoxide (DMSQO)
934  reductase superfamily. Catalytic subunits of a formate dehydrogenase (FdhA) were found in
935 Riflemargulisbacteria, Saganbacteria, and Melainabacteria (also present in some
936  Oxyphotobacteria). An Alternative Complex III (ACII; ActB subunit) was found in
937  Marinamargulisbacteria, as well as in Sericytochromatia LSPB_72 and CBMW _12. Subunit A
938 (TtrA) of a tetrathionate reductase was identified in Saganbacteria. A cytoplasmic nitrate/nitrite
939  oxidoreductase (NXR) was identified in Melainabacteria in this study. The tree is available with
940  full bootstrap values in Newick format in Supplementary Data 3.
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943
944  Figure 6. RAXML phylogenetic tree of the catalytic subunit I of heme-copper oxygen

945  reductases. The heme-copper oxygen reductase found in Saganbacteria seems to be a novel type
946  based on phylogenetic analysis of catalytic subunits (CoxA). Marinamargulisbacteria have an A2
947  type heme-copper oxygen reductase, which is usually found in Oxyphotobacteria. The enzyme in
948  Marinamargulisbacteria is part of a separate phylogenetic cluster from the aas-type heme-copper
949  oxygen reductase found in Oxyphotobacteria (Supplementary Fig. 5). The heme-copper oxygen
950 reductase found in Sericytochromatia LSPB_72 is type Al, and CBMW 12 potentially has two
951  enzymes: one of type Al and the other of type A2. Sericytochromatia LSPB_72 and CBMW 12
952  also have type C heme-copper oxygen reductases (CcoN), like Melainabacteria in this study.
953  Two types of bacterial nitric oxide reductase (NOR) have been identified in Sericytochromatia.
954  One is a cytochrome bc-type complex (cNOR) that receives electrons from soluble redox protein
955  donors, whereas the other type (QNOR) lacks the cytochrome ¢ component and uses quinol as the
956  electron donor. The tree is available with full bootstrap values in Newick format in
957  Supplementary Data 4.
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961  Figure 7. Summary of enzymes involved in hydrogen and energy metabolism in

962  Margulisbacteria, Saganbacteria, and Melainabacteria in this study.
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