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25Abstract

26Copper-containing membrane monooxygenases (CuMMOs) are encoded by
27xmoCAB(D) gene clusters and catalyze the oxidation of methane, ammonia,
28or some short chain alkanes and alkenes. In a metagenome constructed from
29an oilsands tailings pond we detected an xmoCABD gene cluster with <59%
30derived amino acid identity to genes from known bacteria. Stable isotope
31probing experiments combined with a specific xmoA qPCR assay
32demonstrated that the bacteria possessing these genes were incapable of
33methane assimilation, but did grow on ethane and propane. Single-cell
34genomes (SAGs) from propane-enriched samples were therefore constructed
35and screened with the specific PCR assay to identify bacteria possessing the
36target gene cluster. Multiple SAGs of Betaproteobacteria belonging to the
37genera Rhodoferax and Polaromonas possessed close homologues of the
38metagenomic xmoCABD gene cluster. Unexpectedly, each of these two
39genera also possessed other xmoCABD paralogs, representing two additional
40lineages in phylogenetic analyses. Metabolic reconstructions from SAGs
41predicted that neither bacterium was capable of catabolic methane or
42ammonia oxidation, but that both were capable of higher n-alkane
43degradation. The involvement of the encoded CuMMOs in alkane oxidation
44was further suggested by reverse transcription PCR analyses, which detected
45elevated transcription of the xmoA genes upon enrichment of water samples
46with propane as the sole energy source. Enrichments, isotope incorporation

47studies, genome reconstructions, and gene expression studies therefore all
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48agreed that the unknown xmoCABD operons did not encode methane or
49ammonia monooxygenases, but rather n-alkane monooxygenases. This
50study broadens the known diversity of CuUMMOs and identifies non-nitrifying
51Betaproteobacteria as possessing these enzymes.

52
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53Introduction

54Enzymes in the copper-containing membrane monooxygenase family
55(CuMMOs) catalyze diverse reactions. Particularly important are CuMMOs
56that act as ammonia and methane monooxygenases, as these play
57important roles in global carbon and nitrogen cycles (1-4). Nitrifying Bacteria
58and Archaea use ammonia monooxygenase (AMO) to catalyze the oxidation
590f ammonium to hydroxylamine, while methanotrophic bacteria use
60particulate methane monooxygenase (pMMO) to convert methane into
61methanol. Evidence for CuMMO-mediated metabolism of other compounds
62like short-chain alkanes and alkenes has emerged in recent years. CuMMOs
63have been reported to catalyse C2-C4 alkane oxidation in a number of
64actinobacterial strains including Mycobacterium chubuense NBB4 (5),
65Mycobacterium rhodesiae NBB3 (6) and Nocardiodes sp. CF8 (7). Ethylene-
66assimilating Haliea spp. within the class Gammaproteobacteria have also
67been shown to possess CuMMOs, although the role of the enzymes in
68ethylene oxidation is not firmly established (8). CuMMOs are also known to
69oxidise numerous other substrates via competitive co-oxidation, particularly
70hydrocarbons containing methyl and alkyl groups, but the converted
71substrates do not support growth (3).

72 CuMMOs are encoded in an operon of three to four genes in the usual
73order CAB(D). The D gene is sometimes encoded separate from the operon,
740r can be absent entirely (9). Operons are by convention named amoCAB(D)

75(encoding AMO), pmoCAB(D) (encoding pMMO), or other names depending
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760n the substrate-specificity. However, all are homologous and for simplicity
77we will refer to them collectively as xmoCAB(D) (10). Functionally and
78taxonomically coherent groups of methane and ammonia oxidisers are
79distinguishable on the basis of xmoA phylogeny, making these genes
80excellent biomarkers to identify environmental populations (10-12). Broad-
81spectrum PCR primers targeting these genes are therefore extensively used
82in ecological studies of methanotroph and nitrifier diversity. However, a
83common result of such studies is the detection of divergent sequences of
84unknown affiliation or function (12). Genome and metagenome studies are
85also uncovering new operons encoding divergent CuMMOs. Notable
86examples include the three different xmoCAB operons reported in
87verrucomicrobial methanotrophs (13-15) as well as the “pxm-group”
88identified in some alphaproteobacterial and gammaproteobacterial
89methanotrophs (16-18). Other divergent operons have been identified in
90sequenced genomes, including those of the gammaproteobacterium
91Solimonas aquatica DSM 25927 (19) and the betaproteobacterium
92Hydrogenophaga sp. T4 (Genbank accession number: AZSO00000000), but
93the functions of the encoded CuMMOs are unknown. Collectively, there is
94increasing evidence that the diversity of bacteria encoding CuMMO enzymes,
95and the diversity of substrates these enzymes act on, may be greater than
96currently appreciated.

97 Petroleum-impacted environments are good habitats to explore for

98new hydrocarbon degrading oxygenases. In the Athabascan oil sands of
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99Alberta, Canada, surface oil extraction involves a combination of alkali-hot
100water treatment and addition of chemical diluents (naphtha). The extraction
101process generates fluid tailings that are stored in open ponds to allow for
102particle settling, surface water recycling, and long-term pollutant
103containment (20). These tailings ponds contain high (up to 10 mM)
104concentrations of ammonia/ammonium (21, 22), along with residual
105bitumen-derived and naphtha-derived hydrocarbons including Cs-Cy4 alkanes
106and monoaromatics (benzene, toluene, ethylbenzene, xylene) (23, 24). Some
107oilsands tailings ponds are strongly methanogenic, and emit methane along
108with traces of other C,-Cy volatile organic compounds (23-26). Aerobic
109methanotrophs possessing pMMO are abundant in oxic surface waters of
110these ponds (22).
111 Given the wealth of known CuMMOsubstrates in these tailings ponds,
112the oxic surface waters may offer a unique environment in which to discover
113new CuMMOs. Numerous investigations of the microbial communities in oil
114sands tailings ponds have been undertaken (20, 27), including metagenomic
115analyses (27-29). Through data mining of these metagenomes, a CuUMMO-
116encoding operon highly divergent from any previously recognized operon
117was discovered. The objective of this study was to identify the bacteria
118encoding this sequence, and to gain insights into their metabolism.
119
120Materials and methods

121Sample sites and metagenomes
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122A metagenome (IMG Genome ID: 3300002856) of the surface oxic water of
123an active oilsands tailings pond near Fort McMurray, Alberta (West-In Pit or
124WIP) was generated on Illumina and Roche 454 platforms and assembled as
125described previously (29). An unusual xmoCABD operon (draft 100068512-
126draft 100068515) was identified in this metagenome and is referred to in
127this manuscript as "WIPMG xmoCABD1." The WIP pond was decommissioned
128in 2012 and repurposed as an End-Pit Lake (Base Mine Lake or BML) that no
129longer receives fresh tailings material (30). Therefore fresh samples could
130not be obtained from WIP for the present study, and were instead obtained
131from another active pond, Mildred Lake Settling Basin (MLSB). Until 2012
132water was cycled between the two ponds and their microbial communities
133were very similar (22, 29), so we expected that MLSB would be a suitable
134proxy for the pre-2012 WIP community. Samples were obtained from the
135surface 10-cm of MLSB at several times between 2015-2017. The pond
136locations, chemical compositions, and the sampling methods used have been
137described previously (22, 29).

138

139Bacterial enrichments

140Surface water samples (0-10 cm depth) of MLSB sampled in August 2015
141were used for enrichments and stable isotope probing (SIP) experiments.
142Twenty milliliter amounts were added to 100-ml serum bottles sealed with
143butyl rubber stoppers. Headspaces of triplicate capped bottles were

144augmented with 10% v/v methane, ethane, or propane. Alternatively,
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145ammonium chloride (20 mM) was added to enrich for nitrifying bacteria. The
1l46headspace of each bottle was supplemented with 5% v/v CO, to support
147autotrophy or anapleurotic CO, fixation. Bottles were incubated at 23°C with
148shaking (180 rpm) for up to 6 weeks. Gaseous hydrocarbon consumption and
149CO, production were determined using a Varian 450-gas chromatograph
150(Varian, Walnut Creek, CA) equipped with a thermal conductivity detector
151(detector T 150°) after separation ina 2 mm X 0.5 m Hayesep N column and
152a 2 mm X 1.2 m molecular sieve 16X column in series (column T 70°).

153

154Detection and quantification of the WIPMG xmoA1l gene

155Water samples were centrifuged for 10 min at 10,000 x g prior to DNA
156extraction using the FastDNA Spin Kit for Soil (MP Biomedical, Santa Ana,
157CA). Eluted DNA was stored at -80°C. Specific PCR primers to target the
158WIPMG xmoA1l gene were designed using the “Probe Design” tool in ARB (31)
1590n a curated database of xmoA genes from public domain genomes. Primers
160and PCR assay conditions are detailed in Supplemental Table S1. Primer
161specificity was verified using Primer Blast (32) with 8 maximum allowed
162mismatches and the largest E-value of 10°against the NR database,
163including uncultured and environmental sample sequences. No unspecific
164hits were found. The PCR was optimized via temperature-gradient analysis,
165and reaction specificity verified via Sanger sequencing of selected PCR
166products, and melt curve analyses during gPCR. A PCR product was cloned

167into the vector pJET1.2 using the CloneJET PCR cloning kit (Thermo Fisher
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168Scientific, Waltham, MA), transformed into E. coli, recovered via colony PCR
169and used to construct gPCR standards ranging from 102 - 10® gene copies
170per microliter (33). gPCR was performed on a Qiagen RotorGene-Q (Qiagen,
171Toronto, ON) using SsoAdvanced Universal SYBR green supermix (Bio-Rad,
172Hercules, CA).

173

174DNA-Stable isotope probing (SIP)

1750ne-liter bottles containing 150 mL of MLSB water were sealed using butyl
176rubber stoppers and the headspace supplemented with 10% v/v of
177isotopically light (**C) or heavy (99 mol% 3C, Sigma-Aldrich, Oakville,
178Canada) methane, ethane, propane, or no added alkane (duplicate bottles of
179each). Five percent (v/v) *?CO, was also added to minimize cross-feeding of
180'3CO,. Bottles were incubated as described above and gas depletion
181measured via GC. Experiments were stopped after ten days when between
18221-33% of the supplied alkanes had been consumed. Extracted DNA was
183separated via isopycnic ultracentrifugation in cesium chloride and divided
184into twelve fractions of ~0.4 mL each, as described previously (34). The
185density of each fraction was measured using an AR200 refractometer
186(Reichert Technologies, Depew, NY). Recovered DNA was precipitated with
187polyethylene glycol and glycogen, washed with 70% ethanol, eluted, and
188quantified using the Quant-iT dsDNA HS assay kit (Invitrogen) (34). Samples

189from the SIP density fractions, unamended controls, and the initial (t=0)
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190community were investigated via gPCR of xmoA1l genes, as well as via
191lllumina sequencing of 16S rRNA gene amplicons.

192 For amplicon sequencing multiple DNA density fractions of 1.72-1.74 g
193ml* were pooled to form a single representative ‘heavy DNA pool’. Fractions
194were selected if they contained much more DNA in *3C versus *?C
195incubations. Two controls were used: unfractionated DNA from the initial
196community; and the heaviest PCR-amplifiable fractions (1.71-1.73 g ml?) of
197the unamended samples. The latter control verified that designated "heavy"
198fractions were not simply GC-rich organisms. Amplification of the 341-785
199region of 16S rRNA genes (35), and amplicon sequencing using an lllumina
200MiSeq (lllumina, San Diego, CA) was carried out as described previously (36).
201Reads were paired, filtered to exclude samples with quality-scores below 19
202and analyzed using QIIME (37) with parameter settings described previously
203(29) Taxonomic identities were assigned via BLAST comparison to the Silva
204database (v. 123) (38). OTUs representing >1% of any relative read-set were
205validated through manual BLAST against the NCBI NR database.

206

207Single-cell genomics

208MLSB water sampled in September 2016 was enriched under 10% propane
209and 5% CO; as described above. Propane consumption was monitored using
210an SRI-8610C gas chromatograph (SRI Instruments, Torrance, CA) containing
211a HayeSep-D column (column T 190°C) coupled to a flame ionization

212detector (detector T 300°C) using N, as the carrier gas. When propane
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213consumption slowed, bottle headspaces were flushed with air and
214reconstituted with propane and CO.. After 6 weeks total, 2-ml aliquots were
215removed and centrifuged at 300 x g for 2 min to remove inorganic
216particulate matter. The supernatant was transferred and cell biomass
217recovered via centrifugation at 6 000 x g for 3 mins. Cell pellets were
218washed three times in 50% strength PBS, then resuspended in 1 ml of 50 mM
219Tris-EDTA buffer (pH 8.0) containing 10% v/v glycerol. The prepared cells
220were then sorted into 384-well plates and single amplified genomes (SAGS)
221prepared using methods described previously (39, 40). SAGs were screened
222for 16S rRNA genes with standard protocols, and each well containing an
223identified 16S rRNA gene was then screened via the specific WIPMG xmoA1l
224PCR assay. Ten SAGs positive for both 16S rRNA and WIPMG xmoAl were
225selected for complete genome sequencing on an lllumina NextSeq (40),
226followed by assembly and annotation using the standard operating
227procedure of the Joint Genome Institute’s microbial annotation pipeline (41).
228Genome completeness and contamination for individual and combined SAGs
229were estimated using CheckM (42).

230

231Comparative phylogenetics and DNA-DNA hybridizations
232Phylogenetic analysis was performed on concatenated derived amino acid
233sequences of the three operonic xmoCAB genes. Sequences from publicly

234available genomes/metagenomes and sequences determined in this study
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235were aligned via Clustal Omega (43) and the tree constructed using
236maximum likelihood employing the LG model in Seaview 4.4.12 (44).

237 In silico DNA-DNA hybridizations were performed using the online
238Genome-to-Genome Distance Calculator v. 2.1 (45). Fasta nucleic-acid (.fna)
239files containing all assembled scaffolds for a specific SAG were compared
240against other SAGs within the genus in a pairwise fashion. Values were
241calculated by determining the sum of all identities found in high-scoring
242segment pairs divided by the overall high-scoring segment pair length
243(Formula 2 in the program) as recommended for incomplete, draft genomes
244(45).

245

246Analysis of xmoA transcripts in propane-fed enrichment culture
247To our knowledge, successful cloning and expression of CuMMO-encoding
248genes has been achieved only once in any model organism, for the butane
249MMO of a Mycobacterium (6). Therefore a cloning approach was considered
250unlikely to succeed, and we instead applied RT-gPCR to address the function
2510of the WIPMG xmoCABD1. A sealed 2-L Duran glass bottle containing 1.5 L of
252mineral salts M10 medium (46) was inoculated with 75 mL of MLSB water
253that had been pre-enriched with propane as described above. The reactor
254was fed with a flow-through of mixed gas (propane and air at a ratio of 1:12)
255at a flow rate of 2.6 mL min™*. The fed-batch reactor was maintained at 30 2C

256in the dark and the aqueous phase stirred at 250 rpm. Cell density reached
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2570Degoonm 0f 0.171 after 96 h of incubation, after which the propane was shut
2580ff and gas feed continued with air alone for another 24 h.

259 At intervals (0, 48, 96 and 120 h), 0.5-mL samples were taken,
260immediately treated with 1 mL RNAprotect bacteria reagent (Qiagen), and
261centrifuged at 5000 x g for 10 mins for RNA extraction. Parallel samples for
262DNA extraction were prepared without the RNAprotect treatment. Cell pellets
263were stored at -802C until analyses. Genomic DNA and the total RNA were
264extracted using the DNeasy PowerSoil Kit (Qiagen) and RNeasy Mini Kit
265(Qiagen), respectively. Three separate samples were processed in parallel to
266ensure reproducibility. Before lysing the cells for the extraction of the total
267RNA, one microliter of luciferase mRNA solution (Promega, Madison, WI)
268diluted to 10'° copies uL* was added to each RNA extraction vial to account
269for the RNA loss during the extraction and purification procedures (47). The
270extracted RNA samples were treated with DNase | (Qiagen) and purified with
271RNeasy MinElute Cleanup Kit (Qiagen) as previously described (48). The
272purified total RNA samples were reverse-transcribed using SuperScript Il
273reverse transcriptase (Invitrogen).

274 The WIPMG xmoA1 genes in the DNA and cDNA samples were
275quantified via qPCR using the primer set TP2f + TP2r (Table S1). The primer
276set and assay were redesigned from the xmoA1l assay described earlier in
277order to universally target the entire cluster of related xmoA1 genes found in
278SAGs and metagenome sequences. Specific assays were also designed to

279target the xmoA2 gene from the Rhodoferax SAGs and the xmoAZ2 gene from
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280the Polaromonas SAGs (Table S1). Primer specificity was verified as
281described earlier.

282

283Results

284Sequence discovery and phylogenetic analyses

285Analysis of a previously published metagenome (29) identified a scaffold of
2864485 bp that encoded a four-gene cluster homologous to known CuMMO
287encoding operons. Like most known pMMO- and AMO-encoding operons the
288genes were organized in the C-A-B order, with an additional xmoD gene.
289Phylogenetic analyses (Figure 1) showed that the xmoCAB (designated as
290WIPMG xmoCAB1) is most closely related to an operon in Solimonas aquatica
291DSM 25927, a gammaproteobacterium isolated from a freshwater spring in
292Taiwan (49). However, the individual CAB subunits share only 54%-66%
293derived amino acid identity with this strain (59% overall). Only one other
294gene was annotated on the genomic scaffold, a long-chain fatty acid
295transport protein showing a maximal amino acid identity of 67% to a protein
296in the alkane-oxidizing betaproteobacterium, Thauera butanivorans (50).
297

298Enrichment and stable isotope probing with potential CuMMO
299substrates

300Given the high sequence divergence of the WIPMG xmoCABD1 relative to
301sequences from known methanotrophs and nitrifiers (Figure 1, Table S2-S3),

302we sought to identify a possible ecological role for the organism(s)
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303possessing it. A specific gPCR assay targeting the WIPMG xmoA1l gene was
304used to analyse tailings pond water samples enriched with methane,
305ammonium, ethane, or propane. The number of WIPMG xmoA1 gene copies
306was low (12,849 + 2628 gene copies ml?!) at the onset of the experiment and
307stayed relatively constant over six weeks of incubation in controls and in
308methane or ammonium enrichments (Figure 2). The only clearly stimulatory
309treatment was propane, where gene counts increased by over an order of
310magnitude, although ethane may have caused a small, transient increase.
311Enrichments with benzene, toluene, xylene or naphthalene (5 ml L*) for 4
312weeks also showed no increase in WIPMG xmoA1l gene counts (data not
313shown).

314 Water samples were then enriched using isotopically light (*2C) or
315heavy (**C) methane, ethane and propane. Rapid oxidation was observed
316using both the *2C and '3C alkanes, showing maximal potential oxidation
317rates of 117, 90, and 63 umol L* d! for methane, ethane and propane,
318respectively (Figure S1). In the density gradient-fractionated DNA from an
319unamended control sample, as well as in all enrichments using 2C
320substrates, the peak amount of total DNA and the peak number of WIPMG
321xmoAl copies were detected in a DNA fraction of 1.69-1.70 g mlI* (Figure 3).
322This therefore represented the natural peak density of the DNA from the
323entire community, and from the organisms containing the xmoA1 gene.

324 In the *C-methane-incubated samples the peak amount of DNA shifted

325t0 1.71-1.74 g ml* due to incorporation of the heavy-isotope by
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326methanotrophs. However, there was no shift in the fraction containing the
327highest WIPMG xmoA1 gene copy number due to *C methane assimilation.
328In both the *C and *?C methane enrichments, peak WIPMG xmoA1 copies
329were observed in light (1.69 g ml?) fractions, suggesting that the bacteria
330possessing these genes did not assimilate methane-derived carbon (Figures
3313A, 3B).

332 In contrast, the density fraction showing the maximum WIPMG xmoAl
333copy numbers did shift after *C-ethane and *C-propane enrichment (Figures
3343D, 3F). In both cases, WIPMG xmoA1l gene copy humbers were highest at
335densities of 1.69-1.70 g ml? in the **C enrichments but shifted to >1.71 g mlI-
336! after enrichment with **C-labeled n-alkanes (Figures 3C, 3E). This shift
337suggests that the bacteria encoding WIPMG xmoCAB1 were capable of
338assimilating carbon from ethane and propane. Peak WIPMG xmoA1 copy
339numbers were three orders of magnitude higher in the propane enrichment,
340suggesting that this substrate was preferred over ethane.

341 16S rRNA gene amplicons of DNA from control samples (i.e. the entire
342unenriched tailings pond DNA sample, as well as just the heaviest PCR-
343amplifiable DNA fraction) showed diverse communities with 707-1098 OTUs
344detected. The heavy DNA fractions from the methane, ethane, and propane
345enrichments were dominated by fewer OTUs (367-622).
346Gammaproteobacteria was the predominant class in the unamended sample
347as well as the methane enrichment (Figure S2). The methane enrichment

348was dominated by a single OTU (Figure S3) closely related to the
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349methanotrophs Methyloparacoccus and Methylocaldum (97% sequence
350identity) agreeing with previous studies (22). Betaproteobacteria were much
351more abundant in the ethane and propane enrichments, comprising 48% and
35277% of the total read sets respectively (Figure S2). Relative abundances of
3530TUs within the genera Methyloversatilis, Hydrogenophaga, Pedomicrobium,
354Arenimonas, Acidovorax, Rhodoferax and Oxalicibacterium increased after
355propane enrichment (Figure S3).

356

357Screening single-cell genomes for xmoCAB genes.

358About 98% of the identified sorted cells from a propane enrichment belonged
359to the class Betaproteobacteria and six distinct genera were identified
360overall (Table S4). Three of these, Rhodoferax, Hydrogenophaga and
361Methyloversatilis, had been shown to assimilate propane in SIP enrichments
362(Figure S3). However, the most abundant genus sorted was Polaromonas,
363which was not enriched in the propane SIP experiments. The water samples
364used for these two experiments were taken at different times, probably
365explaining the slight differences in the predominant bacteria.

366 Aliguots of amplified genomic DNA from the sorted wells were
367screened using the WIPMG xmoA1l-specific PCR assay. Bands of the expected
368size were observed in multiple SAGs identified as Rhodoferax and
369Polaromonas, so five SAGs of each genus were selected for genome
370sequencing (Table S5). Comparative analyses suggested that the 5 SAGs of

371each genus were nearly clonal. In silico DNA-DNA hybridizations (45) of the
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372draft genomes within each genus were all >70% identical, suggesting each
373genus was represented by a single species in the sorted plates (Table S6,
374Table S7). The 16S rRNA gene sequences from the Polaromonas SAGs were
375identical and showed 98.0% nucleotide identity to Polaromonas
376naphthalenivorans CJ2, an aromatic hydrocarbon degrading bacterium (51).
377For the Rhodoferax genomes, the full length 16S rRNA gene sequences were
378identical except for a single nucleotide mismatch in SAG-1 and closely
379matched (98.5%) Rhodoferax ferrireducens T118 (52). Finished genomes for
380both P. naphthalenivorans CJ2 and R. ferrireducens T118 are available, but
381neither organism (nor any closely related genome-sequenced strain)
382possesses CuMMO-encoding genes.

383 Collectively, the Rhodoferax SAGs possessed two divergent xmoCABD
384o0perons (Figures 1, 4). One showed 99.9% nucleotide identity to the WIPMG
385xmoCAB1 genes found in the original oilsands tailings pond metagenome.
386However, the second operon clustered in a distinct clade (Figure 1). The
387Polaromonas SAGs also encoded two divergent operons. Again, one was
388homologous to the WIPMG xmoCAB1. The other formed a third new lineage
389not homologous to the second operon in the Rhodoferax SAGs (Figure 1,
390Table S3). An orphan xmoC (e.g. Ga0215891 10812) was also identified in
391three of the five Polaromonas genomes, with flanking genes on the scaffolds
392confirming the absence of a complete operon.

393 The four new xmo gene clusters and selected neighboring genes are

394shown in Figure 4. Each of the four clusters included xmoD, a gene
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3950ccasionally part of an xmoCAB(D) operon in methanotrophs and nitrifiers,
396and occasionally present elsewhere in the genome (9). Promoter prediction
397with Virtual Footprint (53) indicated that these genes are expressed as single
398xmoCABD operon in all four cases. Other genes located nearby include genes
399encoding predicted alcohol and aldehyde dehydrogenases, which may be
400involved in degrading the downstream products of the monooxygenase
401reaction (Figure 4).

402

403Metabolic potential

404While the major goal of sequencing the SAGs was to identify the organisms
405containing WIPMG xmoCABD1 operons, they were also analysed to indicate
406any potential for ammonia, methane, or alkane oxidation. The CheckM
407genome completeness estimates for the combined Polaromonas SAGs was
40896% and for the combined Rhodoferax SAGs was 82% (Table S5).
409Contamination was estimated to be low (< 0.03%) or zero (Table S5).
410Therefore the combined SAGs should give nearly-complete overviews of
411metabolic capacity, especially for the Polaromonas.

412 A complete Calvin Benson Bassham (CBB) cycle for autotrophic CO;
413fixation, including the large subunit of ribulose bisphosphate carboxylase,
414was detected in the Polaromonas (Ga0215911 14316; Ga215901 1152) but
415not in the Rhodoferax. Polaromonas may therefore be capable of 1-C fixation
416via the CBB cycle, a prerequisite for autotrophic nitrification. However,

417hydroxylamine oxidoreductase, an enzyme essential for ammonia oxidation
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418(54), was not annotated in any SAG. Each genus also possessed a diversity of
419genes encoding transporters and metabolic modules for organoheterotrophic
420growth, which would be very atypical for known bacterial nitrifiers (55).

421 Pathways typical of proteobacterial methanotrophs were also mostly
422missing, although some catabolism of 1-C substrates (formate and poossibly
423methanol) was encoded. Neither a ribulose monophosphate (RuMP) nor a
424serine cycle for fixation of 1-C intermediates of methane oxidation was
425complete in either organism. Genes encoding the key RUMP enzymes 3-
426hexulose-6-phosphate synthase and 6-phospho-3-hexuloisomerase were not
427found, nor were genes for the key serine cycle enzyme serine glyoxylate
428aminotransferase. A hydroxypyruvate reductase encoding gene was
429annotated, but was different from the form other methanotrophs use for the
430serine cycle (EC 1.1.1.81 instead of 1.1.1.29). There was no clear mxaFl or
431xoxF-encoded methanol dehydrogenase, which is common in methanotrophs
432(56, 57). However, two other pyrrolquinoline quinone (PQQ)-binding alcohol
433dehydrogenases were encoded in both Rhodoferax and Polaromonas
434genomes: a homologue to the single subunit mdh2-type methanol
435dehydrogenase identified in the methylotroph Methyloversatilis universalis
436FAMS5 (58) (e.g. Ga0215885 1254 - Rhodoferax; Ga0215901 10418-
437Polaromonas), and a second PQQ-binding alcohol dehydrogenase (e.g.
438Ga0215904 10692 - Rhodoferax; Ga0215901 1397- Polaromonas) located
439just downstream of CuMMO-encoding subunits (Figure 4). Genes encoding

440PQQ synthesis were also identified in the Polaromonas (e.g
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441Ga0215902 10817-108110). Formaldehyde dehydrogenase or a
442tetrahydromethanopterin-linked pathway to convert formaldehyde to
443formate were not encoded, although other aldehyde dehydrogenases were
444present, often adjacent to the xmoCABD operons (Figure 4). The
445Polaromonas did encode multiple subunits of a formate dehydrogenase (e.g.
446Ga0215892 11102 to 11104).

447 On the other hand, complete pathways for propane oxidation were
448predicted in both Rhodoferax and Polaromonas genomes (Figure 5). In
449addition to the two CuMMOs, both genera encode multiple other alkane
450monooxygenases, including a group 3 (methane/alkane) soluble di-iron
451monooxygenase in the Polaromonas that is closely homologous (87%
452identity) to the butane monooxygenase of Thauera butanivorans (59, 60)
453(Table S8). The oxidation of propane could be initiated by one or several of
454these enzymes, either terminally forming 1-propanol or sub-terminally
455forming 2-propanol (61, 62). The terminal oxidation of 1-propanol could
456proceed via propionaldehyde and propionate (62) which could then be
457further oxidized by a number of described heterotrophic pathways (63). In
458brief, both organisms can theoretically convert 1-propanol to propionate and
459then propionyl-CoA (Figure 5). At this branch point, one possible degradation
460route includes oxidation via the citramalate cycle where propionyl-CoA is
461converted into succinyl-CoA (63, 64). In the Rhodoferax, the genes encoding
462a propionyl-CoA carboxylase (e.g. Ga0215895 1164-1165) and a

463methylmalonyl-CoA mutase (e.g. Ga0215895 1161) are adjacent in the
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464genome. A similar gene neighbourhood architecture is observed in the
465Polaromonas genomes. Neither organism had gene homologues encoding
466known methylmalonyl-CoA epimerases, which catalyze the conversion
467between 2R-methylmalonyl-CoA and 25-methylmalonyl-CoA (Figure 5).
468Multiple other epimerases are annotated in each genome, however, which
469may act as functional equivalents.

470 Another possible pathway includes the conversion of propionyl-CoA
471(plus oxaloacetate) to pyruvate (plus succinate) via the methylcitrate
472pathway (Figure 5A). In Polaromonas, genes encoding 2-methylcitrate
473synthase, 2-methylcitrate dehydratase and 2-methylisocitrate lyase are
474adjacent in the genome (e.g. Ga0215912 10019-100111). Genes for 2-
475methylcitrate synthase could not be identified in the Rhodoferax genomes
476although a citrate synthase encoding gene (e.g. Ga0215903 11011) is
477located just downstream of annotated 2-methylcitrate dehydratase and 2-
478methylcitrate lyase encoding genes.

479 A number of possible sub-terminal oxidation pathways have been
480described (62, 65). No known 2-propanol degradation pathways were
48lidentified in the Rhodoferax SAGs (Figure 5B), but in Polaromonas, three
482distinct NAD(P)-dependent alcohol dehydrogenase encoding genes (ADH) are
483adjacent to an annotated acetone/cyclohexanone monooxygenase (e.g.
484Ga0215909 1235). In the actinomycete Gordonia sp. TY-5, where the
485pathway of 2-propanol oxidation via acetone was first described (66), the

486acetone monooxygenase is adjacent to a methylacetate hydrolase (an
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487esterase). A homologous methylacetate hydrolase was not identified in the
488Polaromonas SAGs, but an esterase of unspecified activity is located just
489upstream of its acetone monooxygenase.

490

491Transcription of xmoA in tailings pond water enriched with propane
492The transcription of WIPMG xmoA1l was quantified in an enrichment culture
493grown in a batch reactor continuously fed with propane (Table 1). The
494number of xmoA1 genes increased from 8.0 x 10*+ 7.9 x 103 copies mL*
495immediately after inoculation (t = 0) to 3.9 x 10°+ 6.0 x 10°copies mL* att
496= 96. Up-regulation of xmoA1 transcription during growth on propane was
497indicated by significantly higher transcript-to-gene ratios (p<0.05) observed
498att =48 hand t = 96 h than att = 120 h, 24 hours after shutdown of
499propane supply (Table 1).

500 The xmoAZ2 gene found in Polaromonas was not detectable with a
501specific PCR assay, however the xmoA2 gene in the Rhodoferax SAGs was.
502Fewer Rhodoferax xmoA2 gene copies were detected compared to WIPMG
503xmoAl genes, suggesting that fewer bacteria in the enrichment had a close
504homologue of this xmoA2 cluster (Table 1). However, like xmoAl, expression
5050f the Rhodoferax xmoAZ2 was also dependent on the propane supply,
506although not as dramatically. Expression of xmoA2 decreased only 4-fold
507(rather than 30 fold for the xmoA1) after removal of propane. Although they
508were not the predominant bacteria in the enrichmment, 16S rRNA gene

509amplicon analysis detected the genera XX at low relative abundances (XX%
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5100f XX total reads). Sequencing of the xmoAl gene product obtained from the
511enrichment culture also verified that it matched 100% to the gene from
512XXXX.

513

514Discussion

515Phylogenies of genes encoding CuMMOs can clearly delineate some
516functional and taxonomic groups of bacteria. Different ammonia oxidisers (in
517the phylum Thaumarchaeota, and the proteobacterial classes
518Gammaproteobacteria, and Betaproteobacteria), methane oxidisers (phyla
519Verrucomicrobia and NC10, proteobacterial classes Gammaproteobacteria,
520and Alphaproteobacteria), and butane oxidisers (phylum Actinobacteria) can
521all be reliably separated on the basis of phylogenetic clustering (10-12, 16).
522This coherent phylogenetic structure has served as a useful backbone to
523establishing community structure-function relationships in numerous
524molecular ecology surveys investigating methane and ammonium oxidisers
525(10, 12). However, phylogenetic clusters of CuMMO-encoding genes with
526unknown function and taxonomic affiliation are also found in genomes,
527metagenomes, and environmrntal PCR amplicons produced with broad-
528specificity PCR primers. Here we investigated one such unknown xmoCABD
5290peron identified in the metagenome of an oilsands tailings pond, in order to
530assign it to a probable taxon and function. Single-cell genomics positively
531lidentified bacteria possessing this operon in our samples as members of the

532class Betaproteobacteria, in the family Comamonadaceae and the genera
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533Rhodoferax and Polaromonas. Comamonadaceae are abundant in
534hydrocarbon-contaminated environments such as oilsands tailings, and
535specific members possess multiple aerobic and anaerobic petroleum-
536degrading pathways (20, 27, 29, 67). None are known to oxidise methane or
537ammonia.

538 The use of a single-cell genomics approach was preferred to
539metagenomic binning of genomes because nearly all xmo operons differ
540significantly in their nucleotide compositional biases compared to their
541overall host genomes (10), which could potentially cause problems with
542compositional binning. The assignment of the xmo operons to the
543Rhodoferax and Polaromonas genomes was verified in multiple
544uncontaminated SAGs of each bacterium. Unexpectedly, the SAGs also
545revealed other divergent CuMMO-encoding operons in both bacteria.
546Collectively, the CuMMOs clustered into three distinct clades. In each clade
547the closest genes from identified, cultured bacteria are only distantly related
548to those from our SAGs, and formal studies into gene expression or enzyme
549function of the xmo genes in these bacteria have not been reported. The
550closest genome sequence to the WIPMG xmoCAB1 cluster showed only 59%
551amino acid (AA) identity and is encoded by the gammaproteobacterium
552Solimonas aquatica NAA16". Solimonas aquatica is a metabolically versatile
553bacterium (49) whose CuMMO-enzymes were identified solely through
554genome sequencing as part of the Genomic Encyclopedia of Archaeal and

555Bacterial Type Strains, Phase-ll sequencing initiative (19). Characterization of
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556gene expression and alkane metabolism in the type strain Solimonas
557aquatica NAA16™ could be valuable to explore the diversity of CuMMOs,
558however the low similarities of the Solimonas xmo operon to those of the
559Polaromonas/Rhodoferax characterized in this study suggests that the
560functions of the encoded CuMMOs may not be the same.

561 The low numbers of WIPMG xmoA1 genes observed under ammonia
562enrichments (Figure 2) suggested that neither the Rhodoferax nor the
563Polaromonas strains were capable of growth via nitrification. This was further
564supported by the lack of a hydroxylamine oxidoreductase in any of the SAGs.
565Methane oxidation also seemed an unlikely function based on SIP and qPCR
566analyses after incubation under methane-containing atmospheres (Figure
5672,3). No enrichment of the xmoA or 16S rRNA genes of these bacteria was
5680bserved in the heavy fraction of the *C-methane SIP experiments, verifying
569these bacteria did not assimilate methane. The genomic compositions were
570also not typical of methanotrophs, although a limited capacity to catabolise
571some 1-C compounds was indicated. Neither bacterium encoded methanol
572and formaldehyde oxidation pathways typical of methanotrophs and neither
573encoded pathways for assimilating methane-carbon via formaldehyde or
574formate. The Polaromonas encoded some capability for 1-C catabolism
575(formate and possibly methanol), and although methane assimilation was
576not encoded, the CBB cycle would provide an alternative path of C
577assimilation, as practiced by Verrucomicrobia methanotrophs (34). Given this

578potential, and the known promiscuous nature of CuUMMOs (3), methane
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579cannot be completely discounted as a possible substrate for the new
580CuMMOs. It is possible that the Polaromonas/Rhodoferax obtain energy from
581the oxidation of methane, but are unable to assimilate it. However, a clear
582test of this hypothesis would require a pure culture. Our cultivation efforts to
583date have included plating and batch-culture dilution under propane-
584containing atmospheres, however the target organisms have proven elusive,
585and are easily overgrown by other species. Successful isolation will likely
586require optimizing incubations conditions such as pO..

587 Contrary to methane and ammonia oxidation, n-alkane metabolism in
588the target bacteria was supported by multiple lines of evidence: enrichment,
589SIP, genome analysis, and gene expression. Genomic analyses suggested
590two plausible pathways for terminal propane oxidation in both Rhodoferax
591and Polaromonas (Figure 4A) along with a pathway in Polaromonas for the
592oxidation of 2-propanol (Figure 4B). These genome predictions, along with
593the strong assimilation of propane-derived C into the xmoA genes of
594Rhodoferax and Polaromonas demonstrated by SIP studies, show clearly that
595these bacteria are capable of alkanotrophy. They do not together prove that
596the CuMMOs are key enzymes in propane oxidation, since multiple other
597hydrocarbon monooxygenases were also identified in the genomes (Table
598S8). However, RT-gPCR studies indicated that WIPMG xmoA1l gene
599expression in an enrichment culture (as well as the expression of the xmoA2

600gene detected in the Rhodoferax) is regulated depending on the availability
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601of propane, strongly suggesting the involvement of these CuMMO enzymes
602in propane oxygenation.

603 CuMMO-enabled n-alkane (butane, ethane, and propane) oxygenation
604has already been established in some Actinomycetes (5-7). Although our
605bacteria showed a clear preference for growth on propane, ethane also
606supported a lower growth and C-assimilation rate, and could also have been
607a CuMMO substrate. A difference between the CuMMO-encoding genes in our
608Comomonadaceae versus those of Actinobacteria is the presence of xmoD in
609the former. The product of xmoD was recently described as a critical
610component of some CuMMOs: a Cu-containing polypeptide that may
611facilitate assembly and stabilization of the CUMMO complex, or facilitate
612electron delivery to the active site (9). The gene is present in all bacteria
613encoding AMO or pMMO for ammonia/methane oxidation, sometimes as part
6140f the xmo operon and sometimes elsewhere in the genome. However,
615homologues are not found in the genomes of the actinobacteria
616Mycobacteria and Nocardiodes that encode n-alkane targeting CuMMOs (9).
617This suggests that the Rhodoferax/Polaromonas CuMMOs identified in our
618study are functionally more similar to the better known proteobacterial
619pMMO/AMO enzymes than to the actinobacterial CuMMOs, a proposition
620supported by phylogenetic analysis, which places the actinobacterial
621CuMMOs well apart from all proteobacterial CuMMOs (Figure 1).

622 This study has expanded the known diversity of xmoCAB(D) operons

623encoding CuMMOs and the taxonomic groups that encode this enzyme.
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624Definitive functional roles for any of the encoded CuMMOs could only be
625inferred, and conclusive evidence will require further experimentation using
626laboratory cultures. However, multiple lines of cultivation-independent
627evidence suggest that these CuUMMOs are probably involved primarily in n-
628alkane oxidation, rather than methane or ammonia oxidation.
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881Figure Legends

882Figure 1. Maximume-likelihood tree of concatenated derived amino acid
883sequences of CuMMO-encoding genes xmoC, xmoA and xmoB. The tree was
884constructed as described in Materials & Methods. Preferred substrate or
885enzyme function, if known, for the CuMMOs are indicated in brackets.
886Accession numbers for sequences are given in Table S2. For the Rhodoferax
887and Polaromonas SAGs, the specific genomes encoding the CuMMOs are
888found in Table S3. For genomes encoding multiple CuMMOSs, numerical
889identifiers were assigned to unique sequences (e.g. xmoCAB1 or xmoCAB2).
890The scale bar represents substitutions per site. Branch support values are
891shown at each node and were determined based on 100 bootstrap replicates.
892

893Figure 2. Abundance of WIPMG xmoA1 gene copies (per ml of water) during
894enrichment of oilsands tailings pond water under methane, ethane, propane,
895ammonium chloride or no added substrate. Error bars indicate =1 SEM of
896triplicates.

897

898Figure 3. Abundance of WIPMG xmoA1 gene copies (per ml) in SIP
899enrichments. Samples were enriched using isotopically light (*2C) or heavy
900(**C) methane, ethane and propane or were left unamended. The bar graph
901lindicates the number of xmoAl gene copies per SIP fraction. Error bars

902indicate =1 SEM of two separate SIP gradients. The line graph indicates the
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903relative DNA concentration per fraction with the highest quantity detected in
904any fraction set to 1.

905

906Figure 4. Gene arrangements of xmoCABD in SAGs: a - 17101 bp section of
907Rhodoferax SAG JGI 00BMLO2F20; b - 8526 bp section of Rhodoferax SAG ]Gl
90800BML02C18; ¢ - 9822 bp section of Polaromonas SAG JGl 00BML02G21 d
909-.9887 bp segment of Polaromonas SAG JGlI 00BML02L09. Sections (a) and (c)
910show the gene clusters corresponding to the WIPMG xmoCAB1 cluster in
911Figure 1. Genes: A - xmoA, B - xmoB, C - xmoC, D - xmoD, 1 - long-chain
912fatty acid transport protein , 2 - poly (3-hyrdoxybutarate) depolymerase, 3 -
913aldehyde dehydrogenase family protein, 4 - cyclohexanecarboxylate-CoA
914ligase, 5 - class | SAM-dependent methyltransferase, 6 - 4-hydroxybutyrate
915CoA-transferase, 7 - hypothetical protein, 8 - DUF4242 domain-containing
916protein, 9 - copper resistance protein CopC, 10 - c-type cytochrome, 11 -
917transcriptional regulator, 12 - fatty-acid-CoA ligase, 13 - PQQ-dependent
918dehydrogenase, methanol/ethanol, 14 - acrylyl-CoA reductase (NADPH), 15 -
919competence protein ComEC. A single sigma-70 promoter (indicated by an
920arrow) was predicted in front of each xmoCABD operon via Virtual Footprint.
921

922Figure 5. Possible pathways for terminal (A) or sub-terminal (B) oxidation of
923propane in the Rhodoferax and Polaromonas SAGs. Both the citramalate (i)

924and methylcitrate (ii) pathways are shown in panel A. The propane
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925monooxygenase could potentially include several enzymes, one of which

926may be a CuMMO.

45
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927Table 1. xmoA gene and transcript copy numbers in the MLSB enrichment culture
928fed with a continuous supply of 8% v/v propane in air for 96 h and then air only
929afterwards. Specific assays for the WIPMG xmoA1l gene cluster (targeting a group of
930related sequences from the metagenome and both SAG genera), as well as for the
931xmoA2 gene of the Rhodoferax are shown. A primer set targeting the xmoA2 cluster

932in the Polaromonas failed to amplify a product.

933
WIPMG xmoAl Rhodoferax xmoA2
(x 10" copies per ml)® (x 10*copies per ml)®
Time (h) _ Transcri . Transcrip
Transcrip Transcrip
Gene ¢ pts per Gene ; ts per
gene® gene®
3.8 0.25 0.22
48 (+CsHs) 15 (1.2) 10 (8.4) 2.2 (1.1)
(0.84) (0.06) (0.21)
0.42 0.70
96 (+CsHg) 390 (6.0) 160 (7.9) 32(3.9) 22 (3.7)
(0.07) (0.15)
120 (- 0.01 0.17
340 (28) 4.7 (1.0) 16 (5.4) 2.6(1.4)
CsHs) (0.00) (0.10)
934

9352 + 1 standard deviation of technical triplicate samples processed through
936extraction and purification procedures in parallel (in parentheses)
937" The standard deviations were calculated using the propagation of error method

938

939
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940Figure 1. Maximume-likelihood tree of concatenated derived amino acid
941sequences of CuMMO-encoding genes xmoC, xmoA and xmoB. The tree was
942constructed as described in Materials & Methods. Preferred substrate or
943enzyme function, if known, for the CuMMOs are indicated in brackets.
944Accession numbers for sequences are given in Table S2. For the Rhodoferax
945and Polaromonas SAGs, the specific genomes encoding the CuMMOs are
946found in Tables S3. For genomes encoding multiple CuMMOs, numerical

947identifiers were assigned to unique sequences (e.g. xmoCAB1 or xmoCAB?2).
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962Figure 2. Abundance of WIPMG xmoA1 gene copies (per ml of water) during
963enrichment of oilsands tailings pond water under methane, ethane, propane,

964ammonium chloride or no added substrate. Error bars indicate £1 SEM of

965triplicates.
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969Figure 3. Abundance of WIPMG xmoA1l gene copies (per ml) in SIP
970enrichments. Samples were enriched using isotopically light (**C) or heavy
971(*3C) methane, ethane and propane or were left unamended. The bar graph
972indicates the number of xmoAl gene copies per SIP fraction. Error bars
973indicate =1 SEM of two separate SIP gradients. The line graph indicates the
974relative DNA concentration per fraction with the highest quantity detected in

975any fraction set to 1.
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978Figure 4. Gene arrangements of xmoCABD in SAGs: a - 17101 bp section of
979Rhodoferax SAG JGI 00BMLO2F20; b - 8526 bp section of Rhodoferax SAG ]Gl
98000BML02C18; ¢ - 9822 bp section of Polaromonas SAG JGl 00BML02G21 d
981-.9887 bp segment of Polaromonas SAG JGI 0O0BML02L09. Sections a and d
982show the gene clusters corresponding to the WIPMG xmoCAB1 cluster in
983Figure 1. Genes: A - xmoA, B - xmoB, C - xmoC, D - xmoD, 1 - long-chain
984fatty acid transport protein , 2 - poly (3-hyrdoxybutarate) depolymerase, 3 -
985aldehyde dehydrogenase family protein, 4 - cyclohexanecarboxylate-CoA
986ligase, 5 - class | SAM-dependent methyltransferase, 6 - 4-hydroxybutyrate
987CoA-transferase, 7 - hypothetical protein, 8 - DUF4242 domain-containing
988protein, 9 - copper resistance protein CopC, 10 - c-type cytochrome, 11 -
989transcriptional regulator, 12 - fatty-acid-CoA ligase, 13 - PQQ-dependent
990dehydrogenase, methanol/ethanol, 14 - acrylyl-CoA reductase (NADPH), 15 -
991competence protein ComEC. A single promoter (indicated by an arrow) was

992predicted in front of each xmoCABD operon via Virtual Footprint.
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995Figure 5. Possible pathways for terminal (A) or sub-terminal (B) oxidation of
996propane in the Rhodoferax and Polaromonas SAGs. Both the citramalate (i)
997and methyilcitrate (ii) pathways are shown in panel A. The propane
998monooxygenase could potentially include several enzymes, one of which
999may be a CuMMO.
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