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            Abstract
The climate-active gas methane is generated both by biological processes and by thermogenic decomposition of fossil organic material, which forms methane and short-chain alkanes, principally ethane, propane and butane1,2. In addition to natural sources, environments are exposed to anthropogenic inputs of all these gases from oil and gas extraction and distribution. The gases provide carbon and/or energy for a diverse range of microorganisms that can metabolize them in both anoxic3 and oxic zones. Aerobic methanotrophs, which can assimilate methane, have been considered to be entirely distinct from utilizers of short-chain alkanes, and studies of environments exposed to mixtures of methane and multi-carbon alkanes have assumed that disparate groups of microorganisms are responsible for the metabolism of these gases. Here we describe the mechanism by which a single bacterial strain, Methylocella silvestris, can use methane or propane as a carbon and energy source, documenting a methanotroph that can utilize a short-chain alkane as an alternative to methane. Furthermore, during growth on a mixture of these gases, efficient consumption of both gases occurred at the same time. Two soluble di-iron centre monooxygenase (SDIMO) gene clusters were identified and were found to be differentially expressed during bacterial growth on these gases, although both were required for efficient propane utilization. This report of a methanotroph expressing an additional SDIMO that seems to be uniquely involved in short-chain alkane metabolism suggests that such metabolic flexibility may be important in many environments where methane and short-chain alkanes co-occur.
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                    Figure 1: Propane enhanced Methylocella silvestris growth, and methane and propane were consumed by cultures at rates corresponding to their relative concentrations.[image: ]


Figure 2: Methane induced transcription of sMMO only, whereas propane induced both sMMO and PrMO.[image: ]


Figure 3: Inactivation of PrMO had a marginal effect during growth on a mixture of methane and propane.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Methylocella silvestris grown on propane (20% (v/v) propane in air) in a fermenter (period between 62 and 106 days shown).
The 2-propanol and acetone in the culture medium reached approximately 16â€‰mM and 9â€‰mM, respectively. When the propane supply was shut off (days 92â€“96), the 2-propanol and acetone concentrations decreased to nearly zero, whereas the culture density continued to increase without interruption. Following the resumption of the propane supply, accumulation of 2-propanol and acetone was observed once again. The cells and medium were removed, and fresh medium was added on day 99. These data demonstrate that 2-propanol and acetone result from propane oxidation and that cells growing on propane in the presence of these intermediates can metabolize them without an appreciable lag phase. The 2-propanol and acetone concentrations show the meanâ€‰Â±â€‰s.d. of triplicate measurements.


Extended Data Figure 2 Phylogeny of SDIMOs.
a, Phylogenetic relationships between the two M. silvestris SDIMOs (underlined) and other representative enzymes. The tree, constructed using the maximum likelihood method, is based on an alignment of amino acid sequences of the Î±-subunit of the hydroxylases. The sequences were aligned using Clustal; positions containing gaps or missing data were eliminated; and the tree was constructed with a final data set of 356 amino acids using MEGA 5 (ref. 32). Bootstrap values (based on 500 replications) greater than 95% are shown as filled circles at nodes, and those between 75% and 95% as open circles. The SDIMO subgroups39,40 are indicated on the right of the figure. GenBank accession numbers (in order from the top): AAC45289.1, ABD46892.1, ZP_06887019.1, ABD46898.1, CAD30366.1, YP_002361593.1, CAD88243.1, BAE86875.1, YP_113659.1, BAA84751.1, BAJ17645.1, AAM19727.1, BAF34294.1, ACZ56324.1, AAO48576.1, YP_919254.1, BAA07114.1, AAS19484.1, CAC10506.1, YP_700435.1, BAF34308.1, BAD03956.2, YP_002361961.1, YP_001834443.1, YP_001020147.1, NP_770317.1, YP_352924.1, AAL50373.1, P19732.1, AAT40431.1, YP_001409304.1 and CAB55825.1. b, The propane monooxygenase gene cluster (shown in red). The structural genes (hydroxylase Î±-subunit, reductase, hydroxylase Î²-subunit and coupling protein) are followed by those encoding a putative chaperone prmG (ACK50595.1) and regulatory protein prmR (ACK50594.1), with homology to mmoG and mmoR of sMMO. The putative promoter sequence is shown above in relation to the ATG start codon, together with the consensus sequence of Ïƒ54 promoters as described previously41.


Extended Data Figure 3 M. silvestris polypeptide profiles.
a, An SDSâ€“PAGE gel loaded with soluble extract from wild-type cells grown on methane (M), propane (P), succinate (S), 2-propanol (2-P) or acetone (A). Prominent bands (identified with boxes in the right-hand photograph of the same gel) evident following growth on methane or propane, but not on succinate, were excised from the gel and analysed by mass spectrometry. The polypeptide identifications are shown in b. The data show that both sMMO and PrMO were expressed during growth on propane but that PrMO subunits were not expressed at a high level during growth on methane. PrMO subunits, but not sMMO subunits, were expressed during growth on 2-propanol. In addition, gel-free analysis of the complete soluble proteome26 did not result in the detection of PrMO polypeptides in succinate-grown or methane-grown cell extracts. b, Polypeptide identifications of the gel bands shown in a. For each band, the four most abundant polypeptides are shown, except where fewer than four were detected. In addition, all sMMO-related and PrMO-related polypeptides identified (irrespective of the number of peptides used for identification) are included. Otherwise, polypeptides identified with at least three peptides are included (except for the succinate lane; four peptides). Other identified polypeptides are not shown. The number of peptides used for the identification of each polypeptide is shown. The total number of peptides detected from all of the polypeptides identified in each band is shown for comparison. DH, dehydrogenase; MM, theoretical molecular mass; PEP, phosphoenolpyruvate.


Extended Data Figure 4 Growth of M. silvestris strains.
a, Growth of wild-type M. silvestris (solid lines, filled symbols) and the Î”PrmA strain (dashed lines, open symbols) on methane (circles) or propane (triangles) (2.5% (v/v)). The inset shows the substrate carbon conversion efficiency (CCE) (mg of cellular protein formed per mg of substrate carbon consumed) for the wild-type M. silvestris (dark grey) and the Î”PrmA strain (light grey) during growth on methane (M) or propane (P). Data are the meanâ€‰Â±â€‰s.d. for three (methane) or two (propane) vials. b, Growth and substrate consumption of wild-type M. silvestris on a mixture of methane (red, crosses) and propane (purple, triangles) (2.5% (v/v) each). The inoculum for the cultures was grown on methane and propane (2.5% (v/v) each). Data points show the meanâ€‰Â±â€‰s.d. of triplicate vials. c, d, Growth of and consumption of methane and propane by wild-type M. silvestris (c) and the Î”MmoX strain (d) when supplied with an approximately 1:10 (v/v) ratio of gases, showing that PrMO did not oxidize appreciable amounts of methane. Methane concentrations are shown as % (v/v) Ã—â€‰10 on the secondary (right) y axes. Data are the meanâ€‰Â±â€‰s.d. of triplicate vials.


Extended Data Figure 5 Methane and propane oxidation kinetics.
a, Maximum methane-induced and propane-induced specific oxygen consumption rate (nmolâ€‰minâˆ’1 per mg dry weight) of whole M. silvestris cells grown on methane, propane or succinate, as determined by oxygen electrode studies, with approximately 200â€‰Î¼M oxidation substrate. Data are the meanâ€‰Â±â€‰s.d. of three measurements. b, c, Kinetics of methane-induced (b) or propane-induced (c) oxygen consumption in whole cells grown on that substrate. The Hanesâ€“Woolf plots show substrate concentration (S) divided by oxygen consumption rate (v) as a function of S, and the trend line cuts the x axis at âˆ’Km.


Extended Data Figure 6 Wild-type M. silvestris activity assays.
a, Stoichiometry of whole-cell oxygen consumption in response to addition of 100â€“250â€‰nmol methanol, 1-propanol or propanal. Cells from all growth conditions consumed approximately equimolar amounts of oxygen when methanol was added; however, when 1-propanol or propanal replaced methanol, the amount of oxygen consumed by propane-grown cells increased to threefold (1-propanol) or fivefold (propanal) that of methane-grown or succinate-grown cells. These data suggest that the oxidation of terminal intermediates proceeds further in propane-grown cells, although enzymes that can oxidize 1-propanol and propanal may be present in all cell types, as shown in b and c. Data are the meanâ€‰Â±â€‰s.d. of the number of measurements shown. b, Oxygen uptake rates of M. silvestris cells grown on methane, propane or succinate in response to the addition of the substrates shown. High rates of oxygen consumption were recorded in response to methanol, 1-propanol and propanal in cells grown on either methane, propane or succinate. However, the oxygen consumption rates in response to 2-propanol, acetone and acetol were at least twofold, fourfold or sevenfold higher, respectively, in propane-grown cells than in methane-grown or succinate-grown cells, demonstrating that the ability to oxidize intermediates of the sub-terminal oxidation pathway was induced during growth on propane. Substrates were used at a final concentration of 5â€‰mM. Data are the meanâ€‰Â±â€‰s.d. of three measurements (except for methane/methanol, n = 7). c, Quinoprotein alcohol dehydrogenase activity (meanâ€‰Â±â€‰s.d. of three measurements) assayed as DCPIP reduction (nmol minâˆ’1 per mg protein) in soluble extract from methane-grown or propane-grown cells. The activity in cell extracts from both growth conditions was high when 1-propanol was the substrate (probably as a result of the constitutive expression of methanol dehydrogenase); however, with 2-propanol as the substrate, the activity was sixfold higher in the extract from cells grown on propane than cells grown on methane. By contrast, the rates of NAD+-linked or NADP+-linked 1-propanol or 2-propanol dehydrogenase activity were less than 10 nmol minâˆ’1 per mg protein in cell extracts from each growth condition (data not shown).


Extended Data Figure 7 1-Propanol-metabolizing ability was induced in propane-grown cells.
a, When vials were inoculated with methane-grown cells, growth was possible on 2-propanol but not on 1-propanol at any concentration tested. b, In addition, 1-propanol completely inhibited growth on 2-propanol. c, When using succinate-grown inoculum, 1-propanol also greatly inhibited growth on succinate. d, However, when using an inoculum grown on propane, limited growth occurred on 1-propanol, and 1-propanol did not inhibit growth on succinate, suggesting that 1-propanol-metabolizing potential was induced in cells grown on propane and could be maintained during growth on, or in the presence of, 1-propanol. The concentrations used were 0.05% (v/v) 1-propanol, 0.05% (v/v) 2-propanol, 3â€‰mM succinate (except d, 5â€‰mM), or as indicated. Data are the meanâ€‰Â±â€‰s.d. of duplicate (a, c d) or triplicate (b) vials.


Extended Data Figure 8 Detection of oxidation products in wild-type M. silvestris cultures.
a, During growth on 4% (v/v) propane, 2-propanol was detected in the culture medium during the mid-exponential and late exponential phase, before declining from a maximum of approximately 0.5â€‰mM at 210â€‰h to below the limit of detection at stationary phase (300â€‰h). The culture density (OD540) is shown in black; propane concentration, in purple; and 2-propanol concentration, in red; with solid lines and filled symbols. Control vials, which contained cells killed by autoclaving, are shown as dotted lines and open symbols. The 2-propanol concentration is shown asâ€‰Ã—4 on the secondary (right) y axis. Data are the meanâ€‰Â±â€‰s.d. of triplicate vials. b, For the cultures shown in a, the amount of 2-propanol present at each time point (including the amount previously removed during sampling) is expressed as a percentage of the propane consumed. At 94â€‰h, 25% of the propane consumed could be accounted for as 2-propanol in the growth medium. This value therefore represents the minimum percentage of propane that is oxidized to 2-propanol, because no allowance has been made for the consumption of 2-propanol by the cultures. Data are calculated from the meanâ€‰Â±â€‰s.d. of triplicate vials.


Extended Data Figure 9 Oxidation products of the Î”PrmA strain and growth rates of the Î”PrmA, wild-type and inhibited wild-type strains.
a, Culture density (black lines, triangles) and 2-propanol (red lines, circles) and acetone (purple lines, diamonds) concentrations during growth of the Î”PrmA strain on 4% (v/v) propane. This strain accumulated 1.3â€‰mM 2-propanol, but neither 2-propanol nor acetone were detected during growth of the Î”MmoX strain on 20% (v/v) propane (data not shown), suggesting that 2-propanol is one (or the major) product of propane oxidation by sMMO. b, Growth rate of wild-type M. silvestris (dark grey) and the Î”PrmA strain (light grey) on the substrates shown. Disruption of PrMO decreased growth on 2-propanol compared with the wild-type, although growth on acetone, acetate, methanol or ethanol was not significantly affected, implicating PrMO in 2-propanol metabolism. Data are the meanâ€‰Â±â€‰s.d. of three vials (except 2-propanol, n = 6 (Î”PrmA strain) or n = 5 (wild-type)). Significance was determined by Studentâ€™s t-test (**, Pâ€‰<â€‰0.01). c, Growth of wild-type M. silvestris on acetone (squares), 2-propanol (circles) or propane (10% (v/v)) (triangles) either without an inhibitor (filled symbols, solid lines) or with acetylene (2% (v/v)) as an inhibitor (open symbols, dashed lines). Data are the meanâ€‰Â±â€‰s.d. of triplicate vials. For 2-propanol, the specific growth rates in the early exponential phase were 0.020â€‰Â±â€‰0.0002â€‰hâˆ’1 and 0.018â€‰Â±â€‰0.0001â€‰hâˆ’1 (meanâ€‰Â±â€‰s.d.) for uninhibited or inhibited cultures, respectively.
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