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Methane is a potent greenhouse gas, which can be converted by microorganism at the expense of oxygen, nitrate, nitrite, metal-oxides or sulfate. The bacterium ‘Candidatus Methylomirabilis oxyfera,’ a member of the NC10 phylum, is capable of nitrite-dependent anaerobic methane oxidation. Prolonged enrichment of ‘Ca. M. oxyfera’ with cerium added as trace element and without nitrate resulted in the shift of the dominant species. Here, we present a high quality draft genome of the new species ‘Candidatus Methylomirabilis lanthanidiphila’ and use comparative genomics to analyze its metabolic potential in both nitrogen and carbon cycling. To distinguish between gene content specific for the ‘Ca. Methylomirabilis’ genus and the NC10 phylum, the genome of a distantly related NC10 phylum member, CSP1-5, an aerobic methylotroph, is included in the analysis. All genes for the conversion of nitrite to N2 identified in ‘Ca. M. oxyfera’ are conserved in ‘Ca. M. lanthanidiphila,’ including the two putative genes for NO dismutase. In addition both species have several heme-copper oxidases potentially involved in NO and O2 respiration. For the oxidation of methane ‘Ca. Methylomirabilis’ species encode a membrane bound methane monooxygenase. CSP1-5 can act as a methylotroph, but lacks the ability to activate methane. In contrast to ‘Ca. M. oxyfera,’ which harbors three methanol dehydrogenases (MDH), both CSP1-5 and ‘Ca. M. lanthanidiphila’ only encode a lanthanide-dependent XoxF-type MDH, once more underlining the importance of rare earth elements for methylotrophic bacteria. The pathways for the subsequent oxidation of formaldehyde to carbon dioxide and for the Calvin–Benson–Bassham cycle are conserved in all species. Furthermore, CSP1-5 can only interconvert nitrate and nitrite, but lacks subsequent nitrite or NO reductases. Thus, it appears that although the conversion of methanol to carbon dioxide is present in several NC10 phylum bacteria, the coupling of nitrite reduction to the oxidation of methane is a trait so far unique to the genus ‘Ca. Methylomirabilis.’
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INTRODUCTION

Methane (CH4) is an important fuel for households and industry, but also a potent greenhouse gas (Forster et al., 2007) with radiative forcing 25 to 30 times higher than carbon dioxide (CO2) on a 100-year scale (Denman et al., 2007). As a consequence of anthropogenic activity, the concentration of methane in the atmosphere has risen exponentially over the past 200 years (Myhre et al., 2013; IPCC, 2014). Global warming is a worldwide concern and deepening our understanding of the sources and sinks of methane is essential to improve climate predictions and devise mitigation strategies.

Approximately 20–30% of methane is produced via thermal decomposition of organic matter within the Earth’s crust, whereas the remaining 70–80% is biogenic and originates from natural ecosystems and anthropogenic activities (Conrad, 2009). This biogenic methane is mainly produced by methanogenic archaea during the decomposition of organic matter in anaerobic habitats (Thauer and Shima, 2008) and by aerobic marine microorganisms in the ocean that can cleave methylphosphonate (Karl et al., 2008; Metcalf et al., 2012). Before methane reaches the atmosphere, most of it (50–80%) is oxidized by methanotrophs that use methane as electron donor and oxygen, nitrate, nitrite, metal-oxides or sulfate as electron acceptors (Raghoebarsing et al., 2006; Conrad, 2009; Knittel and Boetius, 2009; Haroon et al., 2013; Ettwig et al., 2016; in ‘t Zandt et al., 2018). Therefore, these microorganisms play key roles in the major global elements cycles.

Aerobic methanotrophs belonging to the Alpha- and, Gamma-proteobacteria and the Verrucomicrobia (Hanson and Hanson, 1996; Op den Camp et al., 2009) have been widely investigated. The first indications of methane oxidation in the absence of oxygen came from studies on sulfate-rich deep-sea sediments containing methane hydrates (Barnes and Goldberg, 1976; Whalen and Reeburgh, 1996). It was later shown that sulfate-dependent methane oxidation is conducted by consortia of methanotrophic archaea and sulfate-reducing Delta-proteobacteria, and by methanotrophic archaea on their own (Boetius et al., 2000; Knittel and Boetius, 2009; Milucka et al., 2012; Scheller et al., 2016). Nitrate and metal-oxide dependent methane oxidation can be conducted by ANME-2 methanotrophic archaea (Haroon et al., 2013; Ettwig et al., 2016; Cai et al., 2018; for recent reviews, see Welte et al., 2016; Timmers et al., 2017). All methane-oxidizing archaea use the reverse methanogenesis pathway to convert CH4 to CO2.

The only known organism that can couple methane oxidation to the reduction of nitrite to N2 is ‘Candidatus Methylomirabilis oxyfera’ (Ettwig et al., 2010), the first cultured member of the NC10 phylum. Using molecular techniques representatives of the NC10 phylum were detected in diverse environments ranging from peatlands (Zhu et al., 2012), paddy soils (He et al., 2016) and wastewater treatment plants (Luesken et al., 2011) to marine environments (He et al., 2015) and deep stratified lakes (Graf et al., 2018). Phylogenetic analysis divided the 16S rRNA gene sequences obtained into four different clades with bona fide methane-oxidizing ‘Ca. M. oxyfera’ clustering in clade A (Ettwig et al., 2009) (Figure 1). In contrast to the methane-oxidizing archaea, ‘Ca. M. oxyfera’ uses the canonical aerobic methane oxidation pathway and employs all essential protein complexes found in aerobic methanotrophs. The oxygen needed for methane activation is hypothesized to be generated via a unique pathway (Ettwig et al., 2010). This microorganism first reduces nitrite to nitric oxide (NO), followed by the disproportionation of two molecules of NO to O2 and N2 (Ettwig et al., 2010, 2012). Subsequently, the produced O2 is used for the activation of methane into methanol by methane monooxygenase. The second step in the canonical pathway of aerobic methane oxidation is the conversion of methanol to formaldehyde, catalyzed by either a calcium-dependent MxaFI-type or a lanthanide-dependent XoxF-type methanol dehydrogenase (MDH). Recently it was discovered that lanthanides are very important for expressing functional XoxF-type MDH (Pol et al., 2014; Vu et al., 2016). As the genome of ‘Ca. M. oxyfera’ contains both MxaFI and XoxF type MDH genes, an NC10 enrichment culture was supplemented with the lanthanide cerium to release a potential growth limitation. In addition, nitrate was omitted from the medium to decrease the abundance of the nitrate-dependent ‘Ca. Methanoperedens sp.,’ in the culture.
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FIGURE 1. Phylogenetic tree of the 16S rRNA gene sequences of representatives of the NC10 phylum. The evolutionary history was inferred using the Neighbor-Joining method. The optimal tree with the sum of branch length = 0.52876954 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Jukes-Cantor method and are in the units of the number of base substitutions per site. The analysis involved 24 nucleotide sequences. All ambiguous positions were removed for each sequence pair. There were a total of 1573 positions in the final dataset. Moorella thermoacetica was used as outgroup. ∗The 16S rRNA gene of CSP1-5 is present on contig LDXR01000002 at position 245454-247004.



After 2 years of operation in the presence of cerium and absence of nitrate, the metagenome of the enrichment culture was determined. Analysis of the 16S rRNA gene after assembly revealed that the community had shifted toward a new ‘Ca. Methylomirabilis’ species as the dominant organism. Here, we describe the high quality draft genome of this new NC10 bacterium from the ‘Ca. Methylomirabilis’ genus, capable of performing nitrite-dependent anaerobic methane oxidation. Genome comparisons with a putative aerobic methanol-oxidizing NC10 bacterium (CSP1-5) described recently (Hug et al., 2016), and the original ‘Ca. Methylomirabilis’ genome (Ettwig et al., 2010) were made. CSP1-5 clusters within clade D of the NC10 phylum (Figure 1) and is used in this analysis as an outlier to delineate the genomic traits at a phylum and genus level.

MATERIALS AND METHODS

Enrichment Culture

The enrichment culture was operated as a continuous sequencing batch reactor (Applikon Biotechnology B.V., nominal volume 6 L). The seed inoculum was obtained from an enrichment culture originally inoculated with ditch sediment from Ooijpolder (Ettwig et al., 2009, 2010). The enrichment culture and the medium were kept anoxic by continuous sparging with a gas mixture of methane and carbon dioxide (95:5 volume ratio) and a mixture of argon and carbon dioxide (95:5 volume ratio), respectively. The pH was maintained at 7.3 ± 0.1 (using KHCO3), temperature was kept at 30°C. The volume of the enrichment was kept constant through a level sensor-controlled pump in sequential feed and rest cycles and stirred at a constant speed of 100 rpm during feed periods. The hydraulic retention time was 4 days.

The final composition of the medium supplied was: MgSO4 0.78 mM, CaCl2 1.96 mM, KH2PO4 0.73 mM. The nitrite concentration of <100 μM was maintained in the reactor by adjusting the nitrite concentration in the influent medium, which ranged from 1 to 40 mM according to consumption rate of the enrichment culture. Nitrite and nitrate concentrations were determined by colorimetric strip measurements (Merck).

The composition and concentrations of trace elements in the medium was adapted from the original trace element solution used in Ettwig et al. (2010). Based on the discovery of the importance of lanthanides for methanotrophic bacteria (Pol et al., 2014) we included cerium as a trace element. The final trace element concentration in the medium was: ZnSO4 0.26 μM, CoCl2 0.15 μM, CuSO4 2.82 μM, NiCl2 0.24 μM, H3BO3 0.07 μM, MnCl2 0.30 μM, Na2WO4 0.05 μM, Na2MoO4 0.12 μM, SeO2 0.14 μM, CeCl2 0.12 μM, and FeSO4 5.4 μM.

Trace Element Analysis

Concentrations of trace elements were determined by inductively coupled plasma-mass spectrometry (ICP-MS) with a quadrupole Xseries I spectrometer (Thermo Fisher Scientific), in a matrix of 1% HNO3. All standards were certified solutions: 109498 (multi element standard Merck), 111355 (certiPUR 23 element standard Merck), Tungsten single element standard (BDH® ARISTAR®), 119796 (Selenium standard solution Merck), 70227 (Molybdenum standard solution Merck) and 70311 (Cerium standard solution Merck).

DNA Extraction, Library Preparation, and Sequencing

DNA was extracted from the enrichment culture using an organic extraction (CTAB) protocol, the FastDNA SPIN kit (MP Biomedicals) and the Powersoil kit (MoBio Laboratories Inc.) as described previously (Speth et al., 2016). Approximately 100 ng of total DNA obtained for the three DNA extractions was used to generate a library for Ion Torrent sequencing, using the Ion XpressTM Plus Fragment Library Kit (Thermo Fisher Scientific, Waltham, MA, United States). Shearing was performed using the Bioruptor (Diagenode, Seraing, Belgium) for six cycles (1 min on, 1 min off). Size selection for a 400 bp library was performed using a 2% E-Gel®SizeSelectTM Agarose gel (Invitrogen, United States). The library was amplified for eight cycles. DNA concentration and size was measured using a BioanalyserTM instrument and the Agilent High Sensitivity DNA kit (Agilent Technologies, Santa Clara, CA, United States) After dilution to a final concentration of 26 pM, fragments were amplified to Ion Sphere particles using the Ion One TouchTM 2 Instrument and Ion PGMTM Template OT2 400 Kit (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s instructions. After enrichment of the Template-Positive Ion Sphere Particles using the Ion One TouchTM ES, sequencing was done using the Ion PGM 400 Sequencing Kit according to the manufacturers’ instructions (Thermo Fisher Scientific, Waltham, MA, United States).

Genome Assembly, Binning, and Error Correction

The obtained sequencing reads were trimmed to remove low quality base-calls (end trimming with a quality limit of 0.05 and discarding reads < 50 bp), yielding 6,495,404 trimmed reads. The reads obtained from the three samples were co-assembled de novo (word size 35, bubble size 5000, minimum size 1000 bp) using the CLC genomics workbench (v8.03, CLCbio). The assembly generated 14,373 contigs, ranging from 1,000 bp to 228,265 bp in length with an N50 of 2,403 bp. The draft genome of the new ‘Ca. Methylomirabilis’ species was manually binned from the metagenome based on clustering of coverage depth and GC content. Metagenome binning was performed using R1 and custom scripts available at www.github.com/dspeth. Errors characteristic of Ion Torrent sequencing, such as homopolymers (Bragg et al., 2013) were corrected manually using the CLC genomics workbench and scripts available at www.github.com/dspeth. Annotation was done with PROKKA (v1.10) (Seemann, 2014), using the previously published genome (Ettwig et al., 2010) as a primary annotation source. The quality of the genome was estimated using a single-copy marker gene analysis with CheckM (Parks et al., 2015).

Comparative Genome Analysis

Protein BLAST (BLAST+ suite version 2.3.1) (Altschul et al., 1990) using default parameters was used to assess the conservation of proteins in the two ‘Ca. Methylomirabilis’ species and the NC10 genome CSP1-5. The BLASTp analysis resulted in paired comparisons of annotated genes and we focused on the proteins belonging to the core metabolic pathways (Table 2) and described their degree of conservation based on global amino acid identity and conserved active site residues.

Fluorescence in Situ Hybridization

The medium fed to the stable enrichment culture was changed in 2014 by removing nitrate and increasing trace element concentrations (see above). In 2016, after approximately 2 years since the change in medium composition, a biomass sample of 1.5 mL was pelleted for 3 min at 4000 G. The pellet was then washed twice with 1 ml phosphate-buffered saline (PBS: 130 mM NaCl and 10 mM phosphate buffer pH 7.4). After two washing steps, the sample was pelleted, re-suspended in 300 μL of PBS and mixed with 900 μL 4% paraformaldehyde for fixation (1:3 ratio). The fixation sample was kept mixing overnight at 10 RPM at a temperature of 4°C. Probes used were S-∗-DBACT-1027-a-A-18 for ‘Ca. Methylomirabilis’ spp. and S-∗-AAA-FW-641 for ‘Ca. Methanoperedens’ spp. (Ettwig et al., 2016). Hybridization was performed as described previously (Ettwig et al., 2009) using 40% formamide. Images were captured with a Zeiss Axioplan 2 microscope equipped with a CCD camera, and processed with the Axiovision software package (Zeiss, Germany).

Phylogenetic Analysis

All phylogenetic analyses for 16S rRNA genes and functional genes included in this work were performed using MEGA 6.0. Alignments of protein sequences were done with the MUSCLE algorithm (Edgar, 2004) and imported into the MEGA6 software and manually inspected and corrected (Tamura et al., 2013). Phylogenetic distance trees were calculated using different methods. The confidence of the phylogenetic tree was assessed by bootstrap analysis using 1,000 replicates.

The phylogenetic composition of the microbial community was examined by mapping all trimmed reads against the SILVA rRNA reference alignment2 (SSU NR 99 release 128, Quast et al., 2012). The 16S sequences were uploaded to the SILVAngs pipeline to obtain a description of the microbial composition at different taxonomic levels (Yilmaz et al., 2014).

RESULTS AND DISCUSSION

A continuous enrichment culture performing anaerobic methane oxidation coupled to nitrite reduction (Ettwig et al., 2009) was the start of this study. During six additional years of continuous operation, the enrichment culture maintained an average nitrite conversion rate of 6.3 μmol mg protein-1 day-1, which is close to the consumption rate observed for the original enrichment described by Ettwig et al. (2009) (7.0 μmol mg protein-1 day-1).

The original enrichment was maintained with nitrate (1.5 mM, approximately 5–10% of influent nitrite concentration) in the medium, to prevent possible redox imbalance due to nitrite limitation. In 2014, the medium was revised and did no longer include nitrate in order to reduce the relative abundance of the archaeal methane oxidizers that rely on nitrate as electron acceptor. Excluding nitrate from the reactor system reduced the archaeal population from 10 to 15% to below the detection threshold of fluorescence in situ hybridization (FISH) analysis (data not shown). In addition to omitting nitrate, the medium was supplemented with cerium (0.12 μM CeCl2) to support the expression of active lanthanide-dependent MDHs (Pol et al., 2014), which were shown to be present in the genome of ‘Ca. M. oxyfera’ (Ettwig et al., 2010; Wu et al., 2015). In addition to the decrease in archaea, these changes resulted in a shift of the dominant ‘Ca. Methylomirabilis’ in the enrichment culture within 2 years after modifying the growth medium.

Microbial Community Analysis

DNA was extracted and sequenced yielding a high coverage metagenome of the enrichment culture. All reads matching the 16S rRNA gene were extracted and analyzed in the SILVAngs pipeline 1.3. Out of 2,489 total sequences, 2,416 were successfully classified into 746 OTUs (operational taxonomic units), 99% of which were bacterial (Figure 2). Out of the 2,398 bacterial 16S rRNA gene reads, 1,613 sequences (67.3%) mapped to the NC10 phylum, all belonging to genus ‘Ca. Methylomirabilis.’ This reads could be assembled to a unique 16S rRNA gene different from known ‘Ca. Methylomirabilis’ spp. (see also below). Proteobacteria and Chloroflexi constituted 10.8% and 8.4% of bacterial 16S rRNA gene reads, respectively. The remaining 13.5% of bacterial 16S rRNA gene reads belonged to 20 different phyla. In accordance with the absence of general archaeal and specific ‘Ca. Methanoperedens’ signals in FISH analysis (data not shown), only a single 16S rRNA read was classified as archaeal, and mapped to the genus ‘Ca Methanoperedens.’
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FIGURE 2. Relative distribution and classification of all 16S rRNA reads from the metagenome of a nitrite-dependent methane oxidizing enrichment culture. 2,416 sequences were successfully classified into 746 OTUs (operational taxonomical units) using the SILVAngs pipeline v128.



Genome Analysis and Comparison

From the metagenome, a high-quality draft genome belonging to the ‘Ca. Methylomirabilis’ genus was obtained (Table 1). This genome consisted of 90 contigs with an estimated completeness of 95.4% and contamination of less than 4.3%. The 16S rRNA gene sequence present in the assembled genome showed 97.5% identity to both ‘Ca. M. oxyfera’ (Ettwig et al., 2010) and ‘Ca. M. sinica’ (He et al., 2016), and 96.3% to ‘Ca. M. limnetica’ (Graf et al., 2018), and clustered within clade A of the NC10 phylum (Figure 1). Based on 16S rRNA gene identity and the average nucleotide identity (ANI = 82.3%) of the new genome compared to the ‘Ca. M. oxyfera’ genome (Ettwig et al., 2010) the enriched species can be considered as novel member of the ‘Ca. Methylomirabilis’ genus. For this organism we propose the name ‘Ca. Methylomirabilis lanthanidiphila’ (lanthanidum lanthanide phile having an affinity for).

TABLE 1. General properties of the three NC10 phylum genomes.
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‘Ca. M. lanthanidiphila’ could have been present in the initial enrichment cultures, but most likely only in very small amounts. The addition of cerium in the growth medium is most likely the controlling factor for its appearance. Alternatively, Gambelli et al. (2016) described a bacteriophage infection of ‘Ca. Methylomirabilis sp.’ cultivated in a different bioreactor system, which was speculated to contribute to shaping the microbial community without affecting nitrite-dependent methane oxidation rates of the reactor. However, a viral infection was not observed in this reactor system and thus seems to be an unlikely cause for the present dominance of the novel ‘Ca. Methylomirabilis’ species.

To establish the metabolic potential of ‘Ca. M. lanthanidiphila’ and to determine the degree of amino acid identity of key catabolic enzymes to ‘Ca. M. oxyfera’ we performed a comparative genome analysis (Table 2). In this analysis the genome of CSP1-5, a representative of clade D within the NC10 phylum was also included. The CSP1-5 genome was recently described suggesting that this microorganism could be a potential aerobic methylotroph incapable of oxidizing methane (Hug et al., 2016).

TABLE 2. Proteins potentially involved in the dissimilatory nitrogen and carbon reactions identified in the three NC10 phylum genomes.
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Conversion of Nitrogenous Compounds

Although oxidation of methane coupled to nitrate reduction was not observed for ‘Ca. M. oxyfera’ (Ettwig et al., 2008), two gene clusters encoding both the membrane-bound (NarGHI; Damo_0774-0779) and periplasmic (NapAB; Damo_2410-11) nitrate reductases were encoded in its genome. NapAB was also detected in the proteome while the nar gene products were not (Ettwig et al., 2010). Both gene clusters were also present in the ‘Ca. M. lanthanidiphila’ genome (NarGHI: mela_02380-02385; 70–92% identity, NapAB: mela_582-583; 77 and 89% identity) and surprisingly an additional copy of the nar operon was also found (mela_00628-00631; 24–31% identity). Two nar operons were present in the CSP1-5 genome (XU15_C0015C00G0010-13 and XU15_C0015G0014-18), but NapAB was not detected. Conversely, the recently described ‘Ca. M. limnetica’ (Graf et al., 2018) encodes NapAB, but lacks a nar operon.

While the canonical Nar-type nitrate reductases (NarGHI) are involved in dissimilatory nitrate reduction, the related nitrite oxidoreductases (NxrABC) from aerobic nitrite-oxidizing bacteria and anaerobic ammonium-oxidizing bacteria (anammox) perform nitrite oxidation to nitrate. Phylogenetic analysis of the catalytic NarG/NxrA subunits present in ‘Ca. M. oxyfera,’ ‘Ca. M. lanthanidiphila’ and CSP1-5 revealed an interesting result (Supplementary Figure S1). The catalytic subunits of the two highly similar membrane-bound nitrate reductases identified in the ‘Ca. M. oxyfera’ genome (Damo_0778) and the new ‘Ca. M. lanthanidiphila’ genome (mela_02381) cluster with NxrA subunits from Nitrobacter/Nitrococcus species and might thus be able to catalyze nitrite oxidation. The additional NarG found in ‘Ca. M. lanthanidiphila’ (mela_00628) and one of the two present in CSP1-5 (XU15_C0015C00G0013) grouped with NarG subunits of denitrifiers, indicating that these proteins could be involved in nitrate reduction to nitrite. The NarG/NxrA subunit of the second Nar system identified in CSP1-5 (XU15_C0015C00G0018) clusters with NxrA from nitrite-oxidizing Nitrospina, Nitrospira and anammox species and its likely function is the oxidation of nitrite to nitrate. However, there is no experimental evidence to support the function of these enzymes neither as nitrate reductase nor as nitrite oxidoreductase, and thus future studies should address their respective metabolic roles.

The gene encoding the periplasmic nitrate reductase NapAB was conserved between both ‘Ca. Methylomirabilis’ species and was part of a larger gene cluster in which the cytochrome cd1 nitrite reductase (NirS), which reduces nitrite to NO, and the genes required for heme d biosynthesis were encoded (Damo_2408-2415; mela_00580-586). The genes encoding NirS in both ‘Ca. Methylomirabilis’ species were highly similar to each other (97%). The CSP1-5 genome lacked the napAB and nirS, but encoded for a multi-copper oxidase previously described as nirK-type nitrite reductase (Hug et al., 2016; XU15_C0012C00G0090). However, BlastP analysis showed that this gene encodes a protein more likely related to laccase-like multi-copper oxidases known to catalyze the oxygen-dependent degradation of a variety of organic substrates. In addition, a conserved aspartate residue essential for nitrite reduction was absent in the amino acid sequence of this protein (Boulanger et al., 2000). No other genes involved in nitrite reduction were identified in CSP1-5, limiting its involvement in nitrogen cycling to the interconversion of nitrate and nitrite.

In ‘Ca. M. oxyfera’ two molecules of NO, formed by the NirS nitrite reductase, are proposed to be dismutated into N2 and O2 by a putative NO dismutase (NOD) (Ettwig et al., 2010). Two candidates for this novel enzyme were identified in the ‘Ca. M. oxyfera’ genome, NOD1 (Damo_02434) and NOD2 (Damo_02437). These were homologous to the quinol-dependent NO reductases (qNOR), but displaying amino acid changes at positions proposed to be essential for NO disproportionation (Ettwig et al., 2012; Reimann et al., 2015). Similar to ‘Ca. M. limnetica’ both putative NODs were conserved in ‘Ca. M. lanthanidiphila’ (mela_02433 and mela_02434; 95% and 96% identity, respectively) including all the relevant amino acid changes. The conservation of these enzymes underlines their importance in the metabolism. However, the characterization of a NOD enzyme remains to be achieved to prove experimentally that nitric oxide disproportionation is indeed catalyzed by this enzyme.

Besides the two putative NODs, three NO reductases were encoded in the genomes of both ‘Ca. M. oxyfera’ and ‘Ca. M. lanthanidiphila,’ a canonical qNOR (Damo_1889, mela_0936; 89% identity), a gNOR (Damo_1118-1119, mela_2627-2626; 90% and 76% identity) and a sNOR (Damo_0801-0802, mela_2378-2377; 87% and 82% identity) (Hemp and Gennis, 2008; Reimann et al., 2015). ‘Ca. M. limnetica’ only possesses the qNOR. Because the product of all three NO reductases, N2O, was only measured in low amounts (Ettwig et al., 2010) and no N2O reductase could be identified in the genome of either ‘Ca. Methylomirabilis’ species, it remains to be shown what the physiological roles of these three enzymes are. They might enable the organism to quickly respond to nitrosative stress and prevent the build-up of toxic NO concentrations (Reimann et al., 2015).

Aside from NO production from nitrite by NirS, an additional source of NO in ‘Ca. M. oxyfera’ is hydroxylamine oxidation. Already at micromolar concentrations ammonia is oxidized by methane monooxygenases (MMOs) as a side reaction, producing hydroxylamine (Nyerges and Stein, 2009; Stein and Klotz, 2011; Stein et al., 2012; Mohammadi et al., 2017). While it is unknown whether methanotrophs are able to conserve energy for growth from the oxidation of hydroxylamine, several do harbor the gene for hydroxylamine oxidoreductase (HAO) (Bergmann et al., 2005; Poret-Peterson et al., 2008; Campbell et al., 2011; Mohammadi et al., 2017). HAOs perform the three electron oxidation of hydroxylamine to nitric oxide in both aerobic and anaerobic ammonia oxidizers (Hooper and Terry, 1979; Kostera et al., 2010; Maalcke et al., 2014; Caranto and Lancaster, 2017). Both ‘Ca. M. oxyfera’ and ‘Ca. M. lanthanidiphila’ encoded for an HAO-like protein (Damo_2473 and mela_03059; 88% identity), and were thus equipped to oxidize hydroxylamine. Strikingly the HAO-like protein was absent in the ‘Ca. M. limnetica’ metagenome bin (Graf et al., 2018). In line with the absence of methane monooxygenase in CSP1-5 no HAO homolog was found in its genome.

Although the two cultured ‘Ca. Methylomirabilis’ species are obligate anaerobes both genomes encode for the mitochondrial-like aa3-type cytochrome c oxidase (Damo_1162-1666, mela_00197-200; 80–90% identity), which could potentially respire part of the oxygen produced by NO dismutation (Wu et al., 2011). Since CSP1-5 is an aerobic organism, it encodes for an A1- (XU15_C0015G0022-23) and an A2- (XU15_C0015G0039-42) type cytochrome c oxidase.

Methane and Methanol Conversion

In ‘Ca. M. oxyfera’ methane is converted to methanol by a particulate methane monooxygenase (pMMO). Sequence comparison of the pmoA (Damo_2450), pmoB (Damo_2448) and pmoC (Damo_2451) genes, encoding the different subunits of this enzyme with other known pmo genes, showed that the ‘Ca. M. oxyfera’ genes form a distinct phylogenetic group (Ettwig et al., 2010). Nevertheless, all secondary structure elements and amino acids involved in metal binding are conserved in pmoA, pmoB and pmoC of ‘Ca. M. oxyfera’ (Reimann et al., 2015). The ‘Ca. M. lanthanidiphila’ and ‘Ca. M. limnetica’ genomes also encoded for one pMMO (pmoA, mela_02442, pmoB, mela_02441, pmoC, mela_03065) and lacked genes encoding soluble methane monooxygenase (sMMO). All three pMMO subunits had high sequence identity at the amino acid level to the pmo genes of ‘Ca. M. oxyfera’ (pmoA, 94% identity; pmoB, 95% identity; pmoC, 92% identity). The CSP1-5 genome lacked all genes required for the conversion of methane to methanol by either sMMO or pMMO (Hug et al., 2016).

In ‘Ca. M. oxyfera’ methanol is oxidized through a periplasmic pyrroloquinoline quinone (PQQ) containing MDH (Wu et al., 2015). The genome of ‘Ca. M. oxyfera’ harbors three different MDHs in one large gene cluster, but lacks the genes required for PQQ biosynthesis (Wu et al., 2015). Damo_0112-122 encodes for the canonical MxaFI MDH with its accessory proteins. This enzyme carries calcium as an essential cofactor, which together with PQQ forms the active site. The other two MDH enzymes are XoxF-type, and belong to the XoxF1 (Damo_0124) and XoxF2 (Damo_0134) clusters, respectively (Keltjens et al., 2014). XoxF-type MDHs were recently shown to bind lanthanides as a metal cofactor instead of calcium (Keltjens et al., 2014; Pol et al., 2014). Strikingly, the MDH from ‘Ca. M. oxyfera’ was purified as a heterodimer consisting of the XoxF1 large (Damo_0124) and the MxaI small subunit (Damo_0115) (Wu et al., 2015). It is not known whether this MDH incorporates a lanthanide or calcium is incorporated instead, potentially assisted by the small subunit MxaI. ‘Ca. M. lanthanidiphila’ lacked the redundancy in MDHs seen in ‘Ca. M. oxyfera’ and encoded for only a single XoxF-type MDH operon (mela_00914-16), with the catalytic subunit showing highest identity to the XoxF2 of ‘Ca. M. oxyfera’ (Damo_0134; 83% identity). In ‘Ca. M. lanthanidiphila’ the cluster encoding for the calcium-dependent MDH was absent, including the MxaI small subunit. This suggested that ‘Ca. M. lanthanidiphila’ utilized a lanthanide-dependent homodimeric XoxF2-type MDH and did not employ the XoxF-MxaI heterodimer as observed in ‘Ca. M. oxyfera.’ The genome of ‘Ca. M. limnetica’ also possesses only a single copy of the lanthanide-dependent xoxF-type MDH (Graf et al., 2018). As a consequence ‘Ca. M. lanthanidiphila’ and ‘Ca. M. limnetica’ are most likely dependent on lanthanides to produce an active MDH.

The CSP1-5 genome also encodes for a single MDH (XU15_C00376-379), most similar to the XoxF2 from ‘Ca. M. oxyfera’ (Damo_0134; 71% identity). For the coordination of a rare-earth element in the active site of the XoxF-MDH a specific aspartate residue was shown to act as crucial ligand (Pol et al., 2014), which is conserved in all identified XoxF sequences (Keltjens et al., 2014). In both the XoxF of ‘Ca. M lanthanidiphila’ and the XoxF of CSP1-5 this aspartate was conserved and was located two positions downstream of the catalytic aspartate. XoxF-MDH is capable of not only oxidizing methanol to formaldehyde, but was also shown to oxidize formaldehyde to formate, thereby circumventing dedicated formaldehyde oxidation systems and preventing the use of formaldehyde for biosynthetic purposes (Pol et al., 2014).

Aside from the abovementioned capability of XoxF-MDHs to oxidize methanol completely to formate, there are two additional formaldehyde oxidation pathways available to ‘Ca. M. oxyfera,’ a highly expressed tetrahydromethanopterin (H4MPT) (Damo_0454-73) and a less expressed tetrahydrofolate-dependent pathway (H4F) (Damo_1852) (Ettwig et al., 2010). ‘Ca. M. limnetica’ also possesses both systems. These systems are thought to be active to maintain an optimal balance between catabolism and anabolism of carbon compounds (Chistoserdova, 2011; Reimann et al., 2015). All genes of the two formaldehyde-oxidizing systems were conserved between ‘Ca. M. oxyfera’ and ‘Ca. M. lanthanidiphila’ (H4MPT: mela_2741-2760, H4F: mela_00607) as well as in CSP1-5 (H4MPT: XU15_C0002G0327-337, H4F: XU15_C0002G0238) indicating that this combination of pathways was not only employed by ‘Ca. Methylomirabilis’ species, but encompasses more members of the NC10 phylum.

‘Ca. M. oxyfera’ has three formyl/formate oxidation systems. The first and highest transcribed system (Damo_0456-60) was part of the tetrahydromethanopterin-dependent formaldehyde oxidation system mentioned above (Reimann et al., 2015). As seen for the whole gene cluster encoding proteins involved in formaldehyde oxidation, this formate/formyl oxidation system was also present in ‘Ca. M. limnetica,’ ‘Ca. M. lanthanidiphila,’ and CSP1-5 (mela_2743-47, XU15_C0002G0330-34). ‘Ca. M. oxyfera’ further encoded two minor expressed NAD(P)+-dependent formate dehydrogenases (Damo_1134-1138 and Damo_0853-54). The ‘Ca. M. lanthanidiphila’ and ‘Ca. M. limnetica’ genomes only encoded for one additional formate dehydrogenase system (mela_1503-04; Graf et al., 2018), which most closely resembled Damo_0853-0854. Similarly, CSP1-5 also harbored one additional formate dehydrogenase (XU15_C0003G0115-16) also most closely resembling Damo_0853-54. Thus all four organisms had the capability to oxidize formate and couple it to the reduction of NAD(P)+, thereby providing the cells with extra reducing equivalents.

Carbon Fixation

The genome of ‘Ca. M. oxyfera’ encoded for incomplete C1 assimilation pathways since key genes in the RuMP and serine pathway were absent. Previous genome analysis revealed that ‘Ca. M. oxyfera’ harbors all genes of the Calvin–Benson–Bassham (CBB) cycle and activity measurements showed the cycle to be operative (Rasigraf et al., 2014). The ‘Ca. M. lanthanidiphila,’ ‘Ca. M. limnetica,’ and CSP1-5 genomes contain all genes of the CBB-cycle with genes of the RuMP and serine pathways being absent. The presence of all genes from the CBB pathway for carbon fixation in all four organisms, suggests that the CBB is a conserved feature within the NC10 phylum.

In summary, ‘Ca. Methylomirabilis’ species are the only organisms known to couple nitrite reduction to methane oxidation, and the availability of a second and third genome (this article and Graf et al., 2018) added valuable information on the genetic potential and will help to elucidate their basic biochemistry. It appeared that the amendment of micromolar concentrations of the rare-earth metal cerium to the continuous enrichment culture, in combination with the complete removal of nitrate, might have led to a shift from ‘Ca. M. oxyfera’ to ‘Ca. M. lanthanidiphila.’ Whether ‘Ca. M. lanthanidiphila’ was present in the original culture, but not detected in the previous genomic analysis due to low abundance, remains unanswered. Although the inclusion of cerium and the removal of nitrate were the only identifiable differences in the medium between the culturing conditions of the original ‘Ca. M. oxyfera’ and the current enrichment it is difficult to link it to the observed shift to ‘Ca. M. lanthanidiphila.’ The presence of a lanthanide-dependent XoxF-type MDH as the sole methanol-oxidizing enzyme in ‘Ca. M. lanthanidiphila,’ CSP1-5, and in the recently described ‘Ca. M. limnetica’ signified the importance of rare earth elements for methylotrophic bacteria of the NC10 phylum and several other phyla (Keltjens et al., 2014).

Based on the conservation of genes for core nitrogen- and carbon-converting pathways between the two ‘Ca. Methylomirabilis’ species, and in comparison to the CSP1-5 genome, we observed that CSP1-5 could act as an aerobic methylotroph and has the ability to use nitrate (reduction to nitrite) or sulfate (reduction to sulfite) as alternative electron acceptors (Hug et al., 2016). It appears that the recently discovered intra-aerobic pathway of methane oxidation coupled to nitrite reduction to N2 is so far unique to the ‘Ca. Methylomirabilis’ genus.

Description of ‘Candidatus Methylomirabilis Lanthanidiphila’

Etymology

‘Candidatus Methylomirabilis lanthanidiphila’ (lan.tha.ni.di’phi.la. N.L. neut. n. lanthanidum lanthanide; N.L. fem. adj. phila (from Gr. fem. adj. phile) loving; N.L. fem. adj. lanthanidiphila loving lanthanides, referring to the need of rare earth elements for an active XoxF-type MDH). The genus name described before (Ettwig et al., 2010) alludes to the substrate methane, which is oxidized by a combination of pathways, involving oxygen as an intermediate.

Locality

Enriched from freshwater sediments of a ditch in the Ooijpolder, Netherlands.

Properties

Methane-oxidizing and nitrite-reducing bacterium of the candidate division NC10, characterized by phylogenomic analysis of a binned metagenome assembly. The assembled annotated draft genome, which represents the type material, has been deposited under European Nucleotide Archive accession code ERZ663421. Grows anaerobically, but possesses an oxygen-dependent pathway for the oxidation of methane. Reduces nitrite to dinitrogen gas without a nitrous oxide reductase. Gram-negative rod with a diameter of 0.25–0.5 mm and a length of 0.8–1.1 mm. Mesophilic with regard to temperature and pH (enriched at 25–30°C and pH 7–8). Slow growth with an estimated doubling time of 1–2 weeks.

DATA AVAILABILITY

The unprocessed reads used in this study are available at the European Nucleotide Archive (ENA), under accession code ERS1904634 and the assembled annotated draft genome under accession code ERZ663421.

AUTHOR CONTRIBUTIONS

WV, SG-C, MJ, BK, HOC, and JR designed the project and experiments. WV, TA, JF, LG, GC, and DS performed the experimental work. SG-C maintained the cultures. WV, TA, DS, LG, GC, HOC, and JR performed the data analysis and data interpretation. WV, SG-C, BK, HOC, and JR wrote the manuscript with input from DS, JF, LG, GC, TA, and MJ. HC and MJ supervised the research.

FUNDING

MJ, LG, JR, and WV were supported by European Research Council (ERC Advanced Grant project EcoMoM 339880). SG was supported by grant STW 13146. BK was supported by the European Research Council (ERC Starting Grant GreenT 640422) and HOC by the European Research Council (ERC Advanced Grant project VOLCANO 669371). JF and MJ were supported by the SIAM Gravitation Grant on Anaerobic Microbiology (Netherlands Organization for Scientific Research, NWO/OCW gravitation SIAM 024.002.002). DS was supported by BE-Basic grant fp07.002.01.

ACKNOWLEDGMENTS

The authors thank Eric R. Hester for help with the global genome comparison and Sebastian Lücker for help with analysis of the Nar/Nxr sequences.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2018.01672/full#supplementary-material

FOOTNOTES

1 https://www.r-project.org

2 http://www.arb-silva.de

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-2836(05)80360-2

Barnes, R. O., and Goldberg, E. D. (1976). Methane production and consumption in anoxic marine sediments. Geology 4, 297–300. doi: 10.1130/0091-7613(1976)4<297:MPACIA>2.0.CO;2

Bergmann, D. J., Hooper, A. B., and Klotz, M. G. (2005). Structure and sequence conservation of hao cluster genes of autotrophic ammonia-oxidizing bacteria: evidence for their evolutionary history. Appl. Environ. Microbiol. 71, 5371–5382. doi: 10.1128/AEM.71.9.5371

Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, F., Gieseke, A., et al. (2000). A marine microbial consortium apparently mediating anaerobic oxidation of methane. Nature 407, 623–626. doi: 10.1038/35036572

Boulanger, M. J., Kukimoto, M., Nishiyama, M., Horinouchi, S., and Murphy, M. E. P. (2000). Catalytic roles for two water bridged residues (Asp-98 and His-255) in the active site of copper-containing nitrite reductase. J. Biol. Chem. 275, 23957–23964. doi: 10.1074/jbc.M001859200

Bragg, L. M., Stone, G., Butler, M. K., Hugenholtz, P., and Tyson, G. W. (2013). Shining a light on dark sequencing: characterising errors in Ion Torrent PGM data. PLoS Comput. Biol. 9:e1003031. doi: 10.1371/journal.pcbi.1003031

Cai, C., Leu, A. O., Xie, G.-J., Guo, J., Feng, Y., Zhao, J.-X., et al. (2018). A methanotrophic archaeon couples anaerobic oxidation of methane to Fe(III) reduction. ISME J. 94, 1–11. doi: 10.1038/s41396-018-0109-x

Campbell, M. A., Nyerges, G., Kozlowski, J. A., Poret-Peterson, A. T., Stein, L. Y., and Klotz, M. G. (2011). Model of the molecular basis for hydroxylamine oxidation and nitrous oxide production in methanotrophic bacteria. FEMS Microbiol. Lett. 322, 82–89. doi: 10.1111/j.1574-6968.2011.02340.x

Caranto, J. D., and Lancaster, K. M. (2017). Nitric oxide is an obligate bacterial nitrification intermediate produced by hydroxylamine oxidoreductase. Proc. Natl. Acad. Sci. U.S.A. 114, 8217–8222. doi: 10.1073/pnas.1704504114

Chistoserdova, L. (2011). Modularity of methylotrophy, revisited. Environ. Microbiol. 13, 2603–2622. doi: 10.1111/j.1462-2920.2011.02464.x

Conrad, R. (2009). The global methane cycle: recent advances in understanding the microbial processes involved. Environ. Microbiol. Rep. 1, 285–292. doi: 10.1111/j.1758-2229.2009.00038.x

Denman, K. L., Brasseur, G., Chidthaisong, A., Ciais, P., Cox, P. M., Dickinson, R. E., et al. (2007). “Couplings between changes in the climate system and biogeochemistry,” in Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, eds S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt et al. (Cambridge: Cambridge University Press).

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/gkh340

Ettwig, K. F., Butler, M. K., Le Paslier, D., Pelletier, E., Mangenot, S., Kuypers, M. M. M., et al. (2010). Nitrite-driven anaerobic methane oxidation by oxygenic bacteria. Nature 464, 543–548. doi: 10.1038/nature08883

Ettwig, K. F., Shima, S., van de Pas-Schoonen, K. T., Kahnt, J., Medema, M. H., Op den Camp, H. J. M., et al. (2008). Denitrifying bacteria anaerobically oxidize methane in the absence of Archaea. Environ. Microbiol. 10, 3164–3173. doi: 10.1111/j.1462-2920.2008.01724.x

Ettwig, K. F., Speth, D. R., Reimann, J., Wu, M. L., Jetten, M. S. M., and Keltjens, J. T. (2012). Bacterial oxygen production in the dark. Front. Microbiol. 3:273. doi: 10.3389/fmicb.2012.00273

Ettwig, K. F., van Alen, T., Van De Pas-Schoonen, K. T., Jetten, M. S. M., and Strous, M. (2009). Enrichment and molecular detection of denitrifying methanotrophic bacteria of the NC10 phylum. Appl. Environ. Microbiol. 75, 3656–3662. doi: 10.1128/AEM.00067-09

Ettwig, K. F., Zhu, B., Speth, D., Keltjens, J. T., Jetten, M. S. M., and Kartal, B. (2016). Archaea catalyze iron-dependent anaerobic oxidation of methane. Proc. Natl. Acad. Sci. U.S.A. 113, 12792–12796. doi: 10.1073/pnas.1609534113

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., et al. (2007). “Changes in atmospheric constituents and in radiative forcing,” in Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, eds S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt et al. (Cambridge: Cambridge University Press).

Gambelli, L., Cremers, G., Mesman, R., Guerrero, S., Dutilh, B. E., Jetten, M. S. M., et al. (2016). Ultrastructure and viral metagenome of bacteriophages from an anaerobic methane oxidizing Methylomirabilis bioreactor enrichment culture. Front. Microbiol. 7:1740. doi: 10.3389/fmicb.2016.01740

Graf, J. S., Mayr, M. J., Marchant, H. K., Tienken, D., Hach, P. F., Brand, A., et al. (2018). Bloom of a denitrifying methanotroph, “Candidatus Methylomirabilis limnetica”, in a deep stratified lake. Environ. Microbiol. doi: 10.1111/1462-2920.14285 [Epub ahead of print].

Hanson, R. S., and Hanson, T. E. (1996). Methanotrophic bacteria. Microbiol. Rev. 60, 439–471.

Haroon, M. F., Hu, S., Shi, Y., Imelfort, M., Keller, J., Hugenholtz, P., et al. (2013). Anaerobic oxidation of methane coupled to nitrate reduction in a novel archaeal lineage. Nature 500, 567–570. doi: 10.1038/nature12375

He, Z., Cai, C., Wang, J., Xu, X., Zheng, P., Jetten, M. S. M., et al. (2016). A novel denitrifying methanotroph of the NC10 phylum and its microcolony. Sci. Rep. 6, 10–20. doi: 10.1038/srep32241

He, Z., Geng, S., Cai, C., Liu, S., Liu, Y., Pan, Y., et al. (2015). Anaerobic oxidation of methane coupled to nitrite reduction by halophilic marine NC10 bacteria. Appl. Environ. Microbiol. 81, 5538–5545. doi: 10.1128/AEM.00984-15

Hemp, J., and Gennis, R. B. (2008). Diversity of the Heme-Copper superfamily in archaea: insights from genomics and structural modeling. Results Probl. Cell Differ. 45, 1–31. doi: 10.1007/400_2007_046

Hooper, A. B., and Terry, K. R. (1979). Hydroxylamine oxidoreductase of Nitrosomonas: production of nitric oxide from hydroxylamine. Biochim. Biophys. Acta 571, 12–20. doi: 10.1016/0005-2744(79)90220-1

Hug, L. A., Thomas, B. C., Sharon, I., Brown, C. T., Sharma, R., Hettich, R. L., et al. (2016). Critical biogeochemical functions in the subsurface are associated with bacteria from new phyla and little studied lineages. Environ. Microbiol. 18, 159–173. doi: 10.1111/1462-2920.12930

in ‘t Zandt, M. H., de Jong, A. E. E., Slomp, C. P., and Jetten, M. S. M. (2018). The hunt for the most-wanted chemolithoautotrophic spookmicrobes. FEMS Microbiol. Ecol. 94:fiy064. doi: 10.1093/femsec/fiy064

IPCC (2014). Climate change 2014: synthesis report,” in Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, eds R. K. Pachauri, and L. A. Meyer (Geneva: IPPC).

Karl, D. M., Beversdorf, L., Björkman, K. M., Church, M. J., Martinez, A., and Delong, E. F. (2008). Aerobic production of methane in the sea. Nat. Geosci. 1, 473–478. doi: 10.1038/ngeo234

Keltjens, J. T., Pol, A., Reimann, J., and Op den Camp, H. J. M. (2014). PQQ-dependent methanol dehydrogenases: rare-earth elements make a difference. Appl. Microbiol. Biotechnol. 98, 6163–6183. doi: 10.1007/s00253-014-5766-8

Knittel, K., and Boetius, A. (2009). Anaerobic oxidation of methane: progress with an unknown process. Annu. Rev. Microbiol. 63, 311–334. doi: 10.1146/annurev.micro.61.080706.093130

Kostera, J., McGarry, J., and Pacheco, A. A. (2010). Enzymatic interconversion of ammonia and nitrite: the right tool for the job. Biochemistry 49, 8546–8553. doi: 10.1021/bi1006783

Luesken, F. A., Zhu, B., van Alen, T. A., Butler, M. K., Diaz, M. R., Song, B., et al. (2011). pmoA primers for detection of anaerobic methanotrophs. Appl. Environ. Microbiol. 77, 3877–3880. doi: 10.1128/AEM.02960-10

Maalcke, W. J., Dietl, A., Sophie, J., Butt, J. N., Jetten, M. S. M., Keltjens, T., et al. (2014). Structural basis of biological no generation by octaheme oxidoreductases. J. Biol. Chem. 289, 1228–1242. doi: 10.1074/jbc.M113.525147

Metcalf, W. W., Griffin, B. M., Cicchillo, R. M., Gao, J., Janga, S. C., Cooke, H. A., et al. (2012). Synthesis of methylphosphonic acid by marine microbes: a source for methane in the aerobic ocean. Science 337, 1104–1107. doi: 10.1126/science.1219875

Milucka, J., Ferdelman, T. G., Polerecky, L., Franzke, D., Wegener, G., Schmid, M., et al. (2012). Zero-valent sulphur is a key intermediate in marine methane oxidation. Nature 491, 541–546. doi: 10.1038/nature11656

Mohammadi, S. S., Pol, A., van Alen, T., Jetten, M. S. M., and Op den Camp, H. J. M. (2017). Ammonia oxidation and nitrite reduction in the verrucomicrobial methanotroph Methylacidiphilum fumariolicum SolV. Front. Microbiol. 8:1901. doi: 10.3389/fmicb.2017.01901

Myhre, G., D. Shindell, F.-M., Bréon, W., Collins, J., Fuglestvedt, J., Huang, D., et al. (2013). “Anthropogenic and natural radiative forcing,” in Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, (Cambridge: Cambridge University Press).

Nyerges, G., and Stein, L. Y. (2009). Ammonia cometabolism and product inhibition vary considerably among species of methanotrophic bacteria. FEMS Microbiol. Lett. 297, 131–136. doi: 10.1111/j.1574-6968.2009.01674.x

Op den Camp, H. J. M., Islam, T., Stott, M. B., Harhangi, H. R., Hynes, A., Schouten, S., et al. (2009). Environmental, genomic and taxonomic perspectives on methanotrophic Verrucomicrobia. Environ. Microbiol. Rep. 1, 293–306. doi: 10.1111/j.1758-2229.2009.00022.x

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W. (2015). CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes. Genome Res. 25, 1043–1055. doi: 10.1101/gr.186072.114

Pol, A., Barends, T. R. M., Dietl, A., Khadem, A. F., Eygensteyn, J., Jetten, M. S. M., et al. (2014). Rare earth metals are essential for methanotrophic life in volcanic mudpots. Environ. Microbiol. 16, 255–264. doi: 10.1111/1462-2920.12249

Poret-Peterson, A. T., Graham, J. E., Gulledge, J., and Klotz, M. G. (2008). Transcription of nitrification genes by the methane-oxidizing bacterium, Methylococcus capsulatus strain Bath. ISME J. 2, 1213–1220. doi: 10.1038/ismej.2008.71

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Raghoebarsing, A. A., Pol, A., van de Pas-Schoonen, K. T., Smolders, A. J. P., Ettwig, K. F., Rijpstra, W. I. C., et al. (2006). A microbial consortium couples anaerobic methane oxidation to denitrification. Nature 440, 918–921. doi: 10.1038/nature04617

Rasigraf, O., Kool, D. M., Jetten, M. S. M., Sinninghe Damsté, J. S., and Ettwig, K. F. (2014). Autotrophic carbon dioxide fixation via the Calvin-Benson-Bassham cycle by the denitrifying methanotroph “Candidatus Methylomirabilis oxyfera”. Appl. Environ. Microbiol. 80, 2451–2460. doi: 10.1128/AEM.04199-13

Reimann, J., Jetten, M. S. M., and Keltjens, J. T. (2015). Metal enzymes in the “impossible” microorganisms catalyzing the anaerobic oxidation of ammonium and methane. Met. Ions Life Sci. 257–313. doi: 10.1007/978-3-319-12415-5_7

Scheller, S., Yu, H., Chadwick, G. L., and Mcglynn, S. E. (2016). Artificial electron acceptors decouple archaeal methane oxidation from sulfate reduction. Science 351, 703–707. doi: 10.1126/science.aad7154

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 2068–2069. doi: 10.1093/bioinformatics/btu153

Speth, D. R., in ’t Zandt, M. H., Guerrero-Cruz, S., Dutilh, B. E., and Jetten, M. S. M. (2016). Genome-based microbial ecology of anammox granules in a full-scale wastewater treatment system. Nat. Commun. 7:11172. doi: 10.1038/ncomms11172

Stein, L. Y., and Klotz, M. G. (2011). Nitrifying and denitrifying pathways of methanotrophic bacteria. Biochem. Soc. Trans. 39, 1826–1831. doi: 10.1042/BST20110712

Stein, L. Y., Roy, R., and Dunfield, P. F. (2012). “Aerobic methanotrophy and nitrification: processes and connections,” in Encyclopedia of Life Sciences (eLS), eds J. Battista, W. Bynum, D. Cooper, P. J. Delves, D. Harper, R. Jansson, et al. (Chichester: John Wiley & Sons), doi: 10.1002/9780470015902.a0022213

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6: molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729. doi: 10.1093/molbev/mst197

Thauer, R. K., and Shima, S. (2008). Methane as fuel for anaerobic microorganisms. Ann. N. Y. Acad. Sci. 1125, 158–170. doi: 10.1196/annals.1419.000

Timmers, P. H. A., Welte, C. U., Koehorst, J. J., Plugge, C. M., Jetten, M. S. M., and Stams, A. J. M. (2017). Reverse methanogenesis and respiration in methanotrophic Archaea. Archaea 2017, 1–22. doi: 10.1155/2017/1654237

Vu, H. N., Subuyuj, G. A., Vijayakumar, S., Good, N. M., Martinez-Gomez, N. C., and Skovran, E. (2016). Lanthanide-dependent regulation of methanol oxidation systems in methylobacterium extorquens am1 and their contribution to methanol growth. J. Bacteriol. 198, 1250–1259. doi: 10.1128/JB.00937-15

Welte, C. U., Rasigraf, O., Vaksmaa, A., Versantvoort, W., Arshad, A., Op den Camp, H. J. M., et al. (2016). Nitrate- and nitrite-dependent anaerobic oxidation of methane. Environ. Microbiol. Rep. 8, 941–955. doi: 10.1111/1758-2229.12487

Whalen, S. C., and Reeburgh, W. S. (1996). Moisture and temperature sensitivity of CH4 oxidation in boreal soils. Soil Biol. Biochem. 28, 1271–1281. doi: 10.1016/S0038-0717(96)00139-3

Wu, M. L., Ettwig, K. F., Jetten, M. S. M., Strous, M., Keltjens, J. T., and van Niftrik, L. (2011). A new intra-aerobic metabolism in the nitrite-dependent anaerobic methane-oxidizing bacterium Candidatus ‘Methylomirabilis oxyfera’. Biochem. Soc. Trans. 39, 243–248. doi: 10.1042/BST0390243

Wu, M. L., Wessels, H. J. C. T., Pol, A., Op den Camp, H. J. M., Jetten, M. S. M., van Niftrik, L., et al. (2015). XoxF-type methanol dehydrogenase from the anaerobic methanotroph “Candidatus Methylomirabilis oxyfera”. 81, 1442–1451. doi: 10.1128/AEM.03292-14

Yilmaz, P., Parfrey, L. W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., et al. (2014). The SILVA and “all-species living tree project (LTP)” taxonomic frameworks. Nucleic Acids Res. 42, D643–D648. doi: 10.1093/nar/gkt1209

Zhu, B., van Dijk, G., Fritz, C., Smolders, A. J. P., Pol, A., Jetten, M. S. M., et al. (2012). Anaerobic oxidization of methane in a minerotrophic peatland: enrichment of nitrite-dependent methane-oxidizing bacteria. Appl. Environ. Microbiol. 78, 8657–8665. doi: 10.1128/AEM.02102-12

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 © 2018 Versantvoort, Guerrero-Cruz, Speth, Frank, Gambelli, Cremers, van Alen, Jetten, Kartal, Op den Camp and Reimann. 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/cover.jpg


OPS/images/fmicb-09-01672-g002.jpg
11.4%  0.6%
O Proteobacteria

O Chloroflexi
9.0% O Other bacteria
O Other domains
11.0%

68.0%






OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-09-01672-t002.jpg
Reaction

Nitrate reduction
Nitite reduction

Nitric oxide dismutation
Nitric oxide reduction
Oxygen reduction
Nitrous oxide reduction
Hydroxylamine oxidation
Methane oxidation
Methanol oxidation
Formaldehyde oxidation
Formate oxidation
Carbon fixation

‘Ca. M. oxyfera’

Nar/Nxr(1)*, Nap(1)
NirS(1)
NOD(2)

gNor(1), sNor(1), gNor(1)
Cool1)

Hao(1)
PMMO(1)
Mxa(1), Xox(2)
HaF(1), HaMPT(1)
Foh(3)

CBB(1)

“Ca. M. lanthanidij

Nar/Nxr(2)*, Nap(1)
NirS(1)
NOD(2)

aNor(1), sNor(1), gNor(1)
Ceol(1)
Hao(1)
PMMO(1)
Xox(1)
HaF(1), HaMPT(1)
Fah(2)
CBB(1)

CSP1-5

Nar(2)*

Xox(1)
HeF(1), HyMPT(1)
Fah(@)
CBB(1)

The number of proteins found in the specific species is indicated between parentheses. *Nar/Nxr can either perform nitrate reduction or nitrite oxidation.





OPS/images/fmicb-09-01672-t001.jpg
Genome size (Mb) Number of contigs GC content (%) C (%) C ination (%)

‘Ca. M. oxyfera’ 2.75 1 58.58 96.26 2.59
‘Ca. M. lanthanidiphila” 3.05 90 59.87 96.44 4.27
CSP1-5 2.8 40 62.39 97.41 8.05





OPS/images/fmicb-09-01672-g001.jpg
0.02

100

84

98L Ca.

39

100— Ca. Methylomirabilis sp. RS1 Anaerobic reactor (KT443985)
72‘ [ Ca. Methylomirabilis sp. RS2 Anaerobic reactor (KU891391)

Ca. Methylomirabilis lanthanidiphila (DAMO632COR _00599)

— Clone EBa14 Activated sludge enrichment (KC539792)

ﬁL

Ca. Methylomirabilis oxyfera (DAMO__ 16S_rRNA_1)

Clone D-BACT Twente canal (DQ369742)I

Clone LB13 Lake Biwa (AB116934)

100

Methylomirabilis limnnetica sp. Zug (CLG94_RS03895)
Clone BotBa39 Pearl river estuary sediment (FJ748807)

Clone BSN124 Peat soil (AB364828)
82 Clone JH-WHS47 Iron-manganese nodule soil (EF492972)
77 Clone LWS-RSG-4555 Lake Washington (EU546812)
99'Clone S1065 Reelfoot Lake sediment (KX504792)

767 Clone MIZ17 Sedimentary rock (AB179508)
99/Clone GN40482a07 Lava tube wall microbial mat (JN672521)

100

L

100

57

Clone 7C-23 Oman subsurface soil (DQ906843)
Clone POX4b2A02 Sea floor lava Hawai (EU491462)

Clone EA1B8 ferromanganese cave deposit (AY186072) (cluster d)
CSP1-5 genome (GCA_001443495)*

Clone 5G01 Vadose material found 4m below grassland (AY177763)
49|] Clone EMIRGE OTU s1t2b 1146 Subsurface aquifier (JX221819)
Clone FOOS7B 95 Calcium carbonate (moonmilk) muds (EU431735)

Clone HDB SIPO402 Geological formation Hanford site (HM187067)

Clade a

Clade c

Clade d

Moorella thermoacetica strain JCA-5801 (LC127100)

Clade b





