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Abstract
Propanotrophs are a focus of interest because of their ability to degrade numerous environmental contaminants. To explore 
the phylogeny of microorganisms containing the propane monooxygenase gene cluster (prmABCD), NCBI bacterial 
genomes and publicly available soil associated metagenomes (from soils, rhizospheres, tree roots) were both examined. 
Nucleic acid sequences were collected only if all four subunits were located together, were of the expected length and were 
annotated as propane monooxygenase subunits. In the bacterial genomes, this resulted in data collection only from the 
phyla Actinomycetota and Pseudomonadota. For the soil associated metagenomes, reads from four studies were subject to 
quality control, assembly and annotation. Following this, the propane monooxygenase subunit nucleic acid sequences were 
collected and aligned to the collected bacterial sequences. In total, forty-two propane monooxygenase gene clusters were 
annotated from the soil associated metagenomes. The majority aligned closely to those from the Actinomycetota, followed 
by the Alphaproteobacteria, then the Betaproteobacteria. Actinomycetota aligning propane monooxygenase sequences were 
obtained from all four datasets and most closely aligned to the genera Kribbella and Amycolatopsis. Alphaproteobacteria 
aligning sequences largely originated from metagenomes associated with miscanthus and switchgrass rhizospheres and 
primarily aligned with the genera Bradyrhizobium, Acidiphilium and unclassified Rhizobiales. Betaproteobacteria aligning 
sequences were obtained from only the Red Oak root metagenomes and primarily aligned with the genera Paraburkholderia, 
Burkholderia and Caballeronia. Interestingly, sequences from the environmental metagenomes were not closely aligned 
to those from well-studied propanotrophs, such as Mycobacterium and Rhodococcus. Overall, the study highlights the 
previously unreported diversity of putative propanotrophs in environmental samples. The common occurrence of propane 
monooxygenase gene clusters has implications for their potential use for contaminant biodegradation.

Introduction

Propanotrophs grow on propane (C3H8) as a sole source of 
carbon and energy [1, 2] and are a focus of interest because 
of their ability to transform a range of environmental con-
taminants. For example, five Mycobacterium strains growing 
on propane degraded trichloroethene and Mycobacterium 
vaccae JOB5 degraded cis-dichloroethene, trans-dichlo-
roethene, 1,1-dichloroethene and vinyl chloride [1]. Simi-
larly, after growth on propane, several isolates (including 

Mycobacterium vaccae JOB5) degraded methyl tert-butyl 
ether (MTBE), ethyl tert-butyl ether and tert-amyl methyl 
ether [2]. Propanotrophs (Rhodococcus sp. RR1 and Myco-
bacterium vaccae JOB5) have also been associated with the 
biodegradation of n-nitrosodimethylamine (NDMA) [3]. 
Further, propane grown Rhodococcus aetherivorans TPA 
co-metabolized 1,1,2,2-tetrachloroethane [4], four propane 
oxidizing bacteria (Rhodococus jostii RHA1, Mycobacte-
rium vaccae JOB5, Rhodococcus rubber ENV425, Sphin-
gopyxis sp. AX-A) degraded 1,2,3-trichloropropane [5] and 
propane induced isolates (Mycobacterium vaccae JOB5 and 
Rhodococcus jostii RHA1) degraded 1,4-dioxane [6]. Pro-
pane amended mixed cultures have also been linked to the 
biodegradation of organic contaminants. Propane and inor-
ganic nutrients stimulated the biodegradation of 1,2-dibro-
moethane in microcosms constructed with aquifer solids and 
groundwater [7] and a propanotrophic enrichment culture 
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derived from the site materials also degraded 1,2-dichloro-
ethane [7].

Propanotrophs have also facilitated the removal 
of contaminants in  situ. At Vandenberg Space Force 
Base, propane biosparging and bioaugmentation (with 
Rhodococcus ruber ENV425) were successfully applied 
to promote in situ biodegradation of 1,4-dioxane [8, 9]. At 
another site (Lansing, Mi), propane biosparging resulted 
in approximately 70% to 99% reductions in 1,4-dioxane 
concentrations at key monitoring locations [10, 11]. 
The ability of propanotrophs to degrade 1,4-dioxane is 
particularly advantageous, because methanotrophs appear 
unable to degrade this chemical, both in pure cultures 
(Methylosinus trichosporium OB3b, Methylomonas 
methanica strain 68–1, Methylocella palustris strain K) and 
in methane-oxidizing mixed cultures enriched from aquifers 
[12]. Another key advantage to propanotrophs is their ability 
to degrade contaminants to low levels. Propane biosparging 
was effective in reducing groundwater NDMA to ng/L 
concentrations [13] and propane amendments resulted in 
1,4-dioxane removal to below the detection limit (0.06 μg/L) 
in a pilot-scale water reuse system [14].

Propane monooxygenases have been found within 
the group 5 (propane-2-monooxygenase) [15] and group 
6 (propane-1-monooxygenase) [16–18] soluble di-iron 
monooxygenases [19]. The enzyme is encoded by four 
subunits: propane monooxygenase large subunit (prmA), 
propane monooxygenase reductase subunit (prmB), 
propane monooxygenase small subunit (prmC) and 
propane monooxygenase coupling protein (prmD) [20]. 
Many studies have provided direct evidence for the role of 
propane monooxygenase in contaminant biodegradation. 
For example, an inducible propane monooxygenase was 
responsible for NDMA biodegradation in Rhodococcus 
sp. strain RHA1 [20]. Propane monooxygenase from 
Mycobacterium vaccae JOB5 was associated with the 
biodegradation of MTBE [21] and was also linked to 
the biodegradation of 1,4-dioxane in Mycobacterium 
dioxanotrophicus PH-06 [8, 16]. Propane monooxygenase 
sequences similar to Rhodococcus sp. RR1 prmA were 
associated with 1,4-dioxane biodegradation in mixed 
microbial communities [22].

Here, the overall objective was to determine the diversity 
of microorganisms (bacterial genomes and in environmental 
metagenomes) containing all four propane monooxygenase 
subunits. To date, the majority of research has focussed 
on propane monooxygenases from the Actinomycetota, 
primarily the genera Rhodococcus, Mycobacterium and 
Gordonia. The approach adopted was two-fold, first 
propane monooxygenase subunit nucleic sequences 
were collected from bacterial genomes available from 
NCBI. Then, sequencing reads were downloaded from 
four publicly available whole genome sequencing (WGS) 

projects involving soils, rhizospheres and tree roots. This 
involved downloading Sequence Read Archives (SRA) files 
from NCBI, quality control, assembly and annotation. The 
sequences obtained from the WGS sequencing projects were 
then aligned to those from the NCBI bacterial genomes. 
The data generated represent a wealth of information on the 
propane monooxygenase gene cluster in bacterial genomes 
and their common occurrence in environmental samples. 
The analysis indicates these genes are present in both the 
Alphaproteobacteria and the Betaproteobacteria and in 
many previously unreported genera in the Actinomycetota. 
The results are particularly relevant due to the potential 
of propane monooxygenases to degrade environmental 
contaminants.

Methods

Propane Monooxygenase Subunit Sequences 
from NCBI Bacterial Genomes

Nucleic acid sequences were collected from NCBI (https://​
www.​ncbi.​nlm.​nih.​gov/) using the search words “propane 
monooxygenase”. Subunit sequences were only collected if 
1) all four subunits were close together, 2) all subunits were 
within a range of expected sequence length and 3) all were 
annotated as propane monooxygenase subunits. The majority 
of sequences (except for those found in 4 Mycobacterium, 1 
Mycolicibacterium and 2 Rhodococcus strains) occurred in 
the following order: propane monooxygenase large subunit 
(prmA), propane monooxygenase reductase subunit (prmB), 
propane monooxygenase small subunit (prmC), propane 
monooxygenase coupling protein (prmD). The range of 
typical subunits lengths were prmA 1650–1670 bp, prmB 
1030–1100 bp, prmC 1085–1200 bp and prmD 350–380 bp. 
The subunit order in the Mycobacterium, Mycolicibacterium 
and Rhodococcus strains was prmA, prmC, prmD, prmB. 
Subunit sequences from the bacterial genomes were 
downloaded from NCBI and stored as text files. Sequences 
from NCBI from uncultured microorganisms were not 
included in the analysis. Additional propane monooxygenase 
sequences were collected from the literature (or the 
corresponding authors), e.g. those from Mycobacterium 
sp. ENV421 and Rhodococcus sp. ENV425 [23–25], 
Mycobacterium dioxanotrophicus strain PH-06 [16, 26] and 
Mycobacterium vaccae JOB5 [21].

Whole Genome Sequencing (WGS) Datasets

Four soil associated WGS datasets were selected (from Red 
Oak roots, agricultural soil, rhizosphere soil) for analysis 
primarily based on the larger sizes of the sequencing files 
(> 30 Gbases). Preliminary data analysis indicated smaller 
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sequencing files often did not result in the assembly of the 
four subunits onto the same contig. Three datasets were 
from studies conducted within Michigan and the fourth was 
from data collected in the United Kingdom. Select metadata 
(e.g. Run, BioProject, BioSample numbers, bases, bytes, 
instrument) for the four WGS datasets are summarized in 
the supplementary section (Supplementary Tables 1–4). 
Additional metadata is available at https://​www.​ncbi.​nlm.​
nih.​gov/. Brief details on the WGS datasets are provided 
below.

The forest soil WGS dataset was derived from a study 
that examined interactions between inorganic nitrogen 
availability, soil organic matter and fungal community 
composition [27]. The sequencing files were from DNA 
extracted from root tips in soils from Manistee National 
Forest (northern Lower Michigan). The plots sampled were 
in even-aged (~ 100 year-old) second-growth forests on 
uniformly sandy soils (~ 85% sand) [27–29]. Details on soil 
sampling, DNA extraction and WGS have previously been 
reported [27]. Only a subset of the files (the largest files) 
were analysed in the current study and all were associated 
with Red Oak root tips.

The three agricultural WGS datasets included two from 
Michigan and one from the United Kingdom. One Michigan 
dataset was from a study that investigated the impact of 
nitrogen fertilizer rates on switchgrass soil microbial 
communities [30]. The switchgrass nitrogen rate experiment 
is part of the Great Lakes Bioenergy Research Center 
(GLBRC), located at the W. K. Kellogg Biological Station 
(KBS) study site (Michigan State University site for field 
experimental research). The study applied three nitrogen 
fertilizer rates (0, 56, 196 kg N/ha) annually in switchgrass 
grown for bioenergy production [30]. The predominant soil 
series at KBS is Kalamazoo loam (Fine-Loamy, Mixed, 
Semiactive, Mesic Typic Hapludalfs) [30]. The current 
study examined WGS files from the unfertilized sample 
(0N) and excess fertilized sample (196N), each with four 
replicates, at plant peak productivity stage. Again, details 
on soil sampling, DNA extraction and sequencing have 
previously been reported [30]. The other Michigan dataset 
also originated from research conducted at the GLBRC 
at KBS [31, 32]. In this case, the project examined soil 
rhizosphere microbial communities associated with three 
biofuel crops (switchgrass, corn and miscanthus) [31, 32]. 
The authors sampled rhizosphere of each crop at seven plot 
areas. The researchers considered soil closely attached to 
roots (< 1 mm) to be rhizosphere soil. Additional details 
on sample collection, DNA extraction and sequencing have 
previously been provided [31, 32]. The third agricultural soil 
WGS dataset originated from a soil microbial community 
study involving three long term treatments at the Rothamsted 
Highfield Ley-Arable field experiment in the United 
Kingdom [33]. The authors reported the soil is a silty clay 

loam (25% clay, 62% silt, 13% sand) (Chromic Luvisol). 
DNA was extracted from plots that had been managed 
consistently as bare fallow, arable (continuous winter 
wheat, at the time of sampling) or mixed grass swards [33]. 
Additional details on the soil plots, DNA extraction and 
sequencing have also been previously reported [33].

WGS Data Analysis

The WGS sequencing files (SRA files) from the four studies 
were downloaded from NCBI using the SRA-Toolkit 
(Version 3.0.3) [34] to a directory in the High Performance 
Computing Cluster (HPCC) at MSU. The SRA files were 
then uploaded to the United States Department of Energy 
Systems Biology Knowledgebase (KBase) [35]. The 
uploaded files were subject to quality control and filtering 
using FastQC (Version 0.12.1) [36] and Trimmomatic 
(Version 0.36) (sliding window size equal to 4 and sliding 
window minimum quality equal to 15) [37]. The files 
were then assembled using Megahit (Version 1.2.9) [38] 
with a minimum contig length of 2000 bp. The Megahit 
metagenomes were annotated with Prokka (Version 1.14.16) 
[39]. When present, the propane monooxygenase subunit 
sequences were collected and stored in text files. Similar 
to the bacterial genome data collection, sequences were 
only collected if all four propane monooxygenase subunits 
were present on the same contig, all four subunits were the 
correct size and were correctly annotated. In many cases, the 
large subunit (prmA) was smaller than expected and in those 
cases, sequences were not collected.

As an additional check on the WGS analysis, SRA files 
from the Red Oak root tips dataset were also analysed on the 
Galaxy web platform [40, 41]. For this, within the platform, 
the SRA files were downloaded from NCBI, processed with 
Trimmomatic [37], assembled with Megahit [38] (minimum 
contig length of 2000 bp) and annotated with Prokka [39].

Phylogenetic Trees and Gene Arrow Plots

Phylogenetic trees using nucleic acid sequences of the 
propane monooxygenase alpha unit (prmA) were generated 
using MEGA 11 [42]. In MEGA 11, this first involved 
aligning the sequences using ClustalW with the default 
parameters [43]. The best substitution model was determined 
to be General Time Reversible for every alignment. The trees 
were then created using the Maximum Likelihood method 
with 500 bootstrap replications.

Each tree legend has additional information on the 
tree construction. Following each nucleic acid alignment, 
the amino acid sequence alignment was checked for the 
presence of both di-iron centres (DE*RH). Five final prmA 
trees were generated. The first tree involved representative 
prmA sequences from the major bacterial genera (from 

https://www.ncbi.nlm.nih.gov/
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NCBI) found to contain the four propane monooxygenase 
subunits. Another three trees involved an alignment of the 
bacterial NCBI collected prmA sequences to those from 
the WGS datasets. For this, the first step was to divide 
WGS prmA sequences by phylogeny (based on BLAST 
searches for all four subunits). Then, the WGS prmA 
sequences were aligned with all collected NCBI prmA 
sequences for that bacterial group (either Actinomycetota, 
Alphaproteobacteria or Betaproteobacteria). Following this, 
the closest aligned bacterial NCBI prmA sequences were 
selected for the generation of the final three trees (divided 
by bacterial group). A final tree was generated to compare 
Betaproteobacteria prmA sequences generated by the two 
analysis methods (KBase and Galaxy). The orientation 
and size of all propane monooxygenase subunits were both 
illustrated in gene arrow plots generated with R (Version 
4.2.1) [44] in RStudio (Version 2022.12.0) [45] and the R 
packages ggplot2 (Verion 3.4.4) [46], readxl (Version 1.4.2) 
[47] and gggenes (Version 0.5.1.) [48]. Gene arrow plots 
were generated for all propane monooxygenase sequences 
collected from NCBI as well as those collected for the WGS 
datasets. Gene sequences for all phylogenetic tree alignments 
are shown at the end of the Supplementary Section.

Results

Propane Monooxygenase Subunits in Bacterial 
Genomes

The NCBI search using “propane monooxygenase” 
resulted in 553 matches (under the category “nucleotides”) 
with the classification Bacteria. From this, 269 were pri-
marily from uncultured bacteria (the others only contained 
the word propane in the title of the submission) and were 
not investigated further. The remaining 284 were asso-
ciated with Actinomycetota (182), Alphaproteobacteria 
(63), Betaproteobacteria (19), Gammaproteobacteria (13), 
Firmicutes (5) and CFB group bacteria (2). Each search 
result was individually examined for the presence of the 
four propane monooxygenase subunits. All selections from 
the Gammaproteobacteria, Firmicutes and CFB group did 
not contain any strain with all four subunits annotated as 
propane monooxygenase subunits and were not examined 
further. A summary of the search results is provided for 
the remaining three classifications (Actinomycetota, Alp-
haproteobacteria and Betaproteobacteria) containing 
genera with all four subunits (Fig. 1). The classifications 
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Fig. 1   The number of species or strains in each genus containing the four subunits of the propane monooxygenase operon in the Actinomycetota 
(a), Alphaproteobacteria (b) and Betaproteobacteria (c)
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of each strain or species are also provided, for the Actino-
mycetota (Table 1) and the Pseudomonadota (Table 2).

The phylum Actinomycetota contained the largest 
number of species/strains with all four subunits (89 in 
total) (Fig. 1a), followed by the class Alphaproteobacteria 
(52) (Fig.  1b), then the class Betaproteobacteria (13) 
(Fig.  1c). In the Actinomycetota, the genera with 
the largest number of species/strains containing the 
four subunits included Amycolatopsis (12 strains, in 
the order Pseudonocardiales), Pseudonocardia (11, 
Pseudonocardiales), Gordonia (13, Mycobacteriales), 
Mycobacterium (5, Mycobacteriales), Rhodococcus (12, 
Mycobacteriales) and Kribbella (9, Propionibacteriales). 
All other genera contained only 1 or 2 strains/species and 
classified within numerous other orders and one other 
class (Thermoleophilia).

The class Alphaproteobacteria contained 52 species or 
strains with all four subunits (Fig. 1b). All genera were from 
three orders (Hyphomicrobiales, Rhodobacterales, Rho-
dospirillales) and multiple families (Table 2). The majority 
of genera only contained 1 or 2 stains/species with all four 
subunits. Five genera contained more than 2 species/strains 
with all four subunits, including Bradyrhizobium (8 species/
strains), Mesorhizobium (8), Gemmobacter (3), Methylocella 
(3) and Rhizobium (3).

The class Betaproteobacteria only contained 13 species 
or strains with all four subunits (Fig. 1c). The majority 
classified within the order Burkholderiales and 1 classified 
within the order Rhodocyclales (Table 2). The genera with 
the largest number of species/strains within this class were 
Paraburkholderia (6), Burkholderia (3) and Caballeronia 
(2) (all within the family Burkholderiaceae).

Table 1   Phylogenetic classification and number of microorganisms containing the propane monooxygenase operon in the classes Actinomycetes 
and Thermoleophilia 

The genera in bold simply illustrate the largest numbers

Phylum Class Order Family Genus Number of 
genomes with 
prmABCD

Actinomycetota Actinomycetes Pseudonocardiales Pseudonocardiaceae Amycolatopsis 12
Actinomycetes Pseudonocardiales Pseudonocardiaceae Pseudonocardia 11
Actinomycetes Pseudonocardiales Pseudonocardiaceae Actinomycetospora 2
Actinomycetes Pseudonocardiales Pseudonocardiaceae Actinocrispum 1
Actinomycetes Pseudonocardiales Pseudonocardiaceae Prauserella 1
Actinomycetes Pseudonocardiales Pseudonocardiaceae Haloechinothrix 1
Actinomycetes Pseudonocardiales Pseudonocardiaceae Labedaea 1
Actinomycetes Pseudonocardiales Pseudonocardiaceae Kibdelosporangium 1
Actinomycetes Pseudonocardiales Pseudonocardiaceae Kutzneria 1
Actinomycetes Mycobacteriales Gordoniaceae Gordonia 13
Actinomycetes Mycobacteriales Mycobacteriaceae Mycobacterium 5
Actinomycetes Mycobacteriales Mycobacteriaceae Mycolicibacterium 2
Actinomycetes Mycobacteriales Nocardiaceae Rhodococcus 12
Actinomycetes Mycobacteriales Nocardiaceae Nocardia 1
Actinomycetes Mycobacteriales Nocardiaceae Williamsia 1
Actinomycetes Propionibacteriales Kribbellaceae Kribbella 9
Actinomycetes Propionibacteriales unclassified unclassified 1
Actinomycetes Actinomycetes incerta sedis Actinomycetes incerta sedis Halopolyspora 2
Actinomycetes Cryptosporangiales Cryptosporangiaceae Cryptosporangium 1
Actinomycetes Geodermatophilales Geodermatophilaceae Geodermatophilus 1
Actinomycetes Kitasatosporales Streptomycetaceae Streptomyces 2
Actinomycetes Jatrophihabitantales Jatrophihabitantaceae Jatrophihabitans 1
Actinomycetes Micromonosporales Micromonosporaceae Asanoa 1
Actinomycetes Micromonosporales Micromonosporaceae Actinoplanes 1
Actinomycetes Micrococcales Intrasporangiaceae Humibacillus 2
Actinomycetes Streptosporangiales Thermomonosporaceae Actinoallomurus 1
Actinomycetes Streptosporangiales Streptosporangiaceae Nonomuraea 1
Thermoleophilia Solirubrobacterales Baekduiaceae Baekduia 1
Thermoleophilia Solirubrobacterales Solirubrobacteraceae Solirubrobacter 1
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The orientation and length of all collected subunits from 
the bacterial genomes are summarized in gene arrow plots 
(Supplementary Figs. 1–3). The plots for the class Actino-
mycetota are divided into four sections: Pseudonocardiales 
(Supplementary Fig. 1a), Mycobacteriales (Supplemen-
tary Fig. 1b), other orders (Supplementary Fig. 1c) and 
Mycobacterium and Mycolicibacterium (Supplementary 
Fig. 1d). The latter plot was separated from the rest, due to 
the order of the subunits (as discussed above, prmACDB). 
Interestingly, four Mycobacterium and one Mycolicibacte-
rium illustrate the order prmACDB and the rest (two Myco-
bacterium and one Mycolicibacterium) follow the order 
prmABCD. Only two other operons illustrates the order 
prmACDB: one of the two Rhodococcus ENV425 operons 

(NODE_125_length_41067_cov_140.733337) and Rhodoc-
occus ruber (Supplementary Fig. 1b). The gene arrow plots 
for the class Alphaproteobacteria are divided into two sec-
tions Hyphomicrobiales (Supplementary Fig. 2a) and Rho-
dobacterales or Rhodospirillales (Supplementary Fig. 2b). 
The gene arrow plots for the bacterial genomes classifying 
with the Betaproteobacteria are also shown (Supplementary 
Fig. 3). All of the Alphaproteobacteria and Betaproteobac-
teria propane monooxygenase subunits follow the expected 
order (prmABCD).

A phylogenetic tree was constructed with three 
propane monooxygenase alpha unit (prmA) sequences 
from the genera with larger numbers of strains/species 
with the propane monooxygenase operon (Supplementary 

Table 2   Phylogenetic classification and number of microorganisms containing the propane monooxygenase operon in the classes Alphaproteo-
bacteria and Betaproteobacteria 

The genera in bold simply illustrate the largest numbers

Phylum Class Order Family Genus Number of 
genomes with 
prmABCD

Pseudomonadota Alphaproteobacteria Hyphomicrobiales Beijerinckiaceae Methylocella 3
Alphaproteobacteria Hyphomicrobiales Methylobacteriaceae Methylobacterium 1
Alphaproteobacteria Hyphomicrobiales Nitrobacteraceae Bradyrhizobium 8
Alphaproteobacteria Hyphomicrobiales Pleomorphomonadaceae Oharaeibacter 1
Alphaproteobacteria Hyphomicrobiales Phyllobacteriaceae Mesorhizobium 8
Alphaproteobacteria Hyphomicrobiales Rhizobiaceae Rhizobium/

Agrobacterium 
group

3

Alphaproteobacteria Hyphomicrobiales Stappiaceae Roseibium 1
Alphaproteobacteria Hyphomicrobiales Xanthobacteraceae Ancylobacter 1
Alphaproteobacteria Hyphomicrobiales Unclassified Hyphomicrobiales Rhizobiales isolates 2
Alphaproteobacteria Rhodobacterales Paracoccaceae Cereibacter 2
Alphaproteobacteria Rhodobacterales Paracoccaceae Gemmobacter 3
Alphaproteobacteria Rhodobacterales Paracoccaceae Pararhodobacter 1
Alphaproteobacteria Rhodobacterales Paracoccaceae Rubrimonas 1
Alphaproteobacteria Rhodobacterales Roseobacteraceae Antarctobacter 1
Alphaproteobacteria Rhodobacterales Roseobacteraceae Celeribacter 2
Alphaproteobacteria Rhodobacterales Roseobacteraceae Mameliella 2
Alphaproteobacteria Rhodobacterales Roseobacteraceae Marinovum 1
Alphaproteobacteria Rhodobacterales Roseobacteraceae Primorskyibacter 2
Alphaproteobacteria Rhodobacterales Roseobacteraceae Salipiger 2
Alphaproteobacteria Rhodobacterales Roseobacteraceae Tropicimonas 1
Alphaproteobacteria Rhodobacterales Roseobacteraceae Unclassified 1
Alphaproteobacteria Rhodospirillales Acetobacteraceae Acidiphilium 2
Alphaproteobacteria Rhodospirillales Azospirillaceae Azospirillum 2
Alphaproteobacteria Rhodospirillales Unclassified Unclassified 1
Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia 3
Betaproteobacteria Burkholderiales Burkholderiaceae Caballeronia 2
Betaproteobacteria Burkholderiales Burkholderiaceae Paraburkholderia 6
Betaproteobacteria Burkholderiales Sphaerotilaceae Methylibium 1
Betaproteobacteria Rhodocyclales Zoogloeaceae Azoarcus 1
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Fig. 4). Not surprisingly, sequences from the two classes 
(Alphaproteobacteria and Betaproteobacteria) group 
separately from the phylum Actinomycetota. There is also a 
clear separation between both Pseudomonadota classes. In 
general, sequences from the same genus group together. The 
Mycobacterium prmA sequences form a separate branch, 
appearing distinct from all others.

Di‑Iron Centre Amino Acid Sequences

The amino acid sequences of both di-iron centres were 
determined from the prmA nucleic acid sequences for both 
the bacterial genomes and the soil metagenomes (Table 3). 
All of the Actinomycetota prmA sequences from the soil 
metagenomes and the majority of the Actinomycetota bacte-
rial genome prmA sequences illustrated the following amino 
acid sequences: DE V RH, DE S RH. However, for seven 
Actinomycetota bacterial genome prmA sequences, a dif-
ferent amino acid was present in the second di-iron centre 
(DE A RH). These were the same seven microorganisms 
illustrating the subunit order prmACBD, as discussed above. 
Differences were also noted for the Alphaproteobacteria and 
Betaproteobacteria, involving a change in an amino acid 
in the first di-iron centre (from DE F RH to DE L RH) in a 
small number of cases.

Propane Monooxygenase Subunits 
from the Metagenomes

Many propane monooxygenase gene clusters were obtained 
from each WGS dataset. The orientation and length of each 
has been summarized in gene arrow plots (Fig. 2). In many 
cases, all subunits were present, but one or more subunit 
was not the correct length, therefore these sequences were 
not collected. As stated above, each set of sequences were 
subject to a BLAST search to determine which bacterial 

class illustrated the closest alignment. The majority clas-
sified within the Actinomycetota, followed by the Alp-
haproteobacteria, then the Betaproteobacteria. Phyloge-
netic trees of prmA from the metagenomes with the most 
closely aligned bacterial prmA sequences for each group 
were then created (Figs. 3–5). Sequences aligning to those 
from Actinomycetota were obtained from all four WGS data-
sets (Fig. 3), suggesting their common occurrence in these 
environmental samples. The majority of metagenome prmA 
sequences aligned most closely to the genera Kribbella and 
Amycolatopsis. One soil metagenome sequence (from UK 
soil study) aligned most closely to prmA sequences from 
Pseudonocardia.

Interestingly, the majority of Alphaproteobacteria align-
ing prmA sequences originated from metagenomes associ-
ated with the miscanthus and switchgrass treatments (Fig. 4). 
There were no prmA sequences aligning to the Alphaproteo-
bacteria from the UK soils study, there was only one from 
the corn treatment and only one from the forest soil study. 
The metagenome prmA sequences most closely aligned to 
those from the genera Bradyrhizobium, Acidiphilium as well 
as unclassified Rhizobiales. The Betaproteobacteria align-
ing prmA sequences were all associated with the forest soil 
metagenomes (Fig. 5). The majority of these sequences 
aligned with the genera Paraburkholderia, Burkholderia 
and Caballeronia (all in the family Burkholderiaceae). 
Two sequences aligned most closely with the genera Azo-
arcus and Methylibium. A summary of the subunit order 
and length of the bacterial prmA sequences most closely 
aligning with the metagenome prmA sequences is shown 
(Supplementary Fig. 5).

As an additional check on the sequencing analysis 
approach, the SRA files from the forest study were 
also analysed with the Galaxy web platform [40, 41]. 
Overall, both analyses procedures produced similar 
results, with two exceptions. The Galaxy platform did 

Table 3   Amino acid 
composition of both di-iron 
centers (DE*RH) in the 
bacterial genomes and soil 
metagenomes

First di-iron center Second di-iron center
Actinobacteria
All soil metagenomes DE V RH DE S RH

Rhodococcus ENV425, NODE_125_length_41067_cov_140.733337

Rhodococcus ruber
Mycobacterium chubuense strain NBB4

Mycobacterium dioxanotrophicus strain PH-06

Mycobacterium sp. ENV421 NODE_68_length_8680_cov_111.355

Mycobacterium sp. TY-6

Mycolicibacterium vanbaalenii strain JOB5

DE V RH DE A RH

All remaining Actinobacteria bacteria genomes DE V RH DE S RH

Alphaproteobacteria 
All soil metagenomes DE F RH DE S RH

Majority (50/52) of Alphaproteobacteria genomes DE F RH DE S RH

Bradyrhizobium erythrophlei strain GAS138

Bradyrhizobium erythrophlei strain GAS242
DE L RH DE S RH

Betaproteobacteria
Majority (7/8) of soil metagenomes DE F RH DE S RH

Minority (1/8) of soil metagenomes DE L RH DE S RH

Majority of bacterial genomes* DE F RH DE S RH
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not retrieve the two gene clusters associated with the 
outliers in the Betaproteobacteria prmA tree (bottom 
of tree, Supplementary Fig.  6). Also, an extra propane 
monooxygenase gene cluster was detected by the Galaxy 
platform for one sample. Impressively, both platforms 
produced gene clusters with similar alignments, as 
illustrated for Betaproteobacteria prmA sequences 
(Supplementary Fig. 6). Sequences from both methods align 
beside each other on this tree, providing confidence on the 
reproducibility of both approaches.

The percent identities of each metagenome propane 
monooxygenase subunit to the closest bacter ial 
genome subunit are summarized for those aligning 

with the Actinomycetota (Supplementary Table  5), 
Alphaproteobacteria (Supplementary Table 6) and the 
Betaproteobacteria (Supplementary Table 7). From this 
set of data, the highest average percent identities were 
from the Betaproteobacteria (91.7% for prmA, 88.7% 
for prmB, 88.9% for prmC, 91.6% for prmD), followed 
by the Alphaproteobacteria (88.7% for prmA, 80.8% 
for prmB, 84.0% for prmC, 85.6% for prmD), then the 
Actinomycetota (88.5% for prmA, 77.1% for prmB, 
82.3% for prmC, 83.1% for prmD). Three gene clusters 
illustrated > 98% matches to strains of Paraburkholderia 
aspalathi for all subunits (Supplementary Table 7).

Fig. 2   Propane monooxygenase subunit length and orientation from the four metagenome datasets. Both KBS soil studies are shown together (a) 
and the UK soils and forest soils studies are shown together (b)
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Discussion

The current study adopted a two-stage approach to 
investigate the phylogeny of microorganisms containing 
the four subunits of propane monooxygenase. First, nucleic 
acid sequences were collected from bacterial genomes, 
available through NCBI. Although much is known about 
several Actinomycetota genera (e.g. Rhodococcus, Gordonia, 
Mycobacterium) containing propane monooxygenase, less 
is known about other genera in this phylum containing 
all subunits. Further, limited information is available on 
microorganisms in other phyla containing these genes. The 
second stage involved data mining of WGS data for propane 
monooxygenase sequences from four previous studies. The 
data generated illustrated common trends in the phylogeny of 

the microorganisms containing these genes across samples. 
Significantly, the subunit sequences from environmental 
samples were not dominated by well-studied propanotrophs, 
such as Rhodococcus, Gordonia or Mycobacterium, but by 
other genera.

As stated above, in the Actinomycetota, the majority of 
metagenome prmA sequences aligned most closely to the 
genera Kribbella and Amycolatopsis. Both phylotypes were 
previously associated with 1,4-dioxane biodegradation 
in laboratory microcosms inoculated with agricultural 
soil [49]. In that work, multiple genera were statistically 
significantly enriched following 1,4-dioxane biodegradation 
compared to the live controls (no 1,4-dioxane), suggesting 
a growth benefit for 1,4-dioxane biodegradation. Notably, 
three of the four most enriched in that study were 

Fig. 2   (continued)
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Mycobacterium, Kribbella and Amycolatopsis. Combined 
with the data generated in the current study, it is possible 
these microorganisms were degrading 1,4-dioxane via 
propane monooxygenases. Additional work is needed to 
confirm this hypothesis.

The genera with the most closely aligning prmA 
sequences to those from the metagenomes have all 
previously been associated the degradation of numerous 
organics. From the Actinomycetota, Amycolatopsis and 
Kribbella contained propane monooxygenases aligning to 
sequences from all four datasets, suggesting their importance 
in soil associated samples. Members of Amycolatopsis have 
been associated with the degradation of numerous organics, 

such as the bioplastic polylactic acid [50], the chlorinated 
organophosphate flame retardant, tris-(2-chloroisopropyl) 
phosphate [51], polycyclic aromatic hydrocarbons (PAHs) 
naphthalene and pyrene [52], pharmaceuticals naproxen and 
carbamazepine [53] and the novel herbicide ZJ0273 [54]. 
Limited information is available on the biodegradation 
characteristics of Kribbella strains, although a previous study 
linked this genus to the biodegradation of polychlorinated 
biphenyls [55] and this genus was implicated in 1,4-dioxane 
degradation [49] (as stated above).

Three of the four WGS datasets contained propane 
monooxygenase sequences aligning most closely with 
Bradyrhizobium (Alphaproteobacteria). Bradyrhizobium 

Fig. 3   Alignment of propane monooxygenase alpha unit (prmA) from 
forest soils (blue square), KBS biofuel soils (upward blue triangle), 
KBS switchgrass soils (downward blue triangle) and UK soils (dia-
mond) with the closest sequences collected from NCBI classifying 
within the Actinomycetota. Only the closest matching Actinomyce-
tota sequences are shown. The evolutionary history was inferred by 
using the Maximum Likelihood method and General Time Revers-
ible model. The tree with the highest log likelihood (− 18,872.59) is 
shown. The percentage of trees in which the associated taxa clustered 
together is shown next to the branches. Initial tree(s) for the heuristic 
search were obtained automatically by applying Neighbor-Join and 

BioNJ algorithms to a matrix of pairwise distances estimated using 
the Maximum Composite Likelihood (MCL) approach, and then 
selecting the topology with superior log likelihood value. A discrete 
Gamma distribution was used to model evolutionary rate differences 
among sites (5 categories (+ G, parameter = 0.2959)). The tree is 
drawn to scale, with branch lengths measured in the number of sub-
stitutions per site. This analysis involved 54 nucleotide sequences. 
Codon positions included were 1st + 2nd + 3rd + Noncoding. There 
were a total of 1676 positions in the final dataset. Evolutionary analy-
ses were conducted in MEGA11
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strains have also been linked to the biodegradation of 
numerous chemicals including the antibiotic ciprofloxacin 
[56], the herbicides sulcotrione, mesotrione [57], 
methoxychlor [58], atrazine [59], simazine [60] and other 
organics [61] such as 1,2-dibromoethane [62], phenol 
[63], anthracene [64] and tert-butyl alcohol [65]. From the 
Betaproteobacteria, Paraburkholderia and Burkholderia 
were primarily associated with the propane monooxygenase 
genes from the forest soil WGS dataset. Microorganisms 
within the Paraburkholderia are particularly interesting 
because of their ability to degrade aromatic chemicals 
and the ability of some to form root nodules that fix 
atmospheric nitrogen [66]. Members of this genus have been 
associated with biodegradation of benzene, toluene, xylene, 
ethylbenzene (BTEX), naphthalene [67], phenolic acids 
[66], 3-chlorobenzoate [68], the fungicide mandipropamid 
[69], PAHs such as phenanthrene and pyrene [70] 
and dibenzothiophene [71] and the pharmaceutical 

17α-ethinylestradiol [72]. Paraburkholderia xenovorans 
LB400, isolated from a PCB-contaminated landfill [73], is 
a well-studied, effective polychlorinated biphenyl-degrader 
[74]. Members of the genus Burkholderia are often found 
in soil and water [75] and have also been linked to the 
biodegradation of a large number of organic chemicals 
[75], such as phenol [76], triclosan [77], the insecticides 
acephate [78] and chlorpyrifos [79], PAHs [80–83] and 
BTEX [84]. Additional work will be needed to determine if 
the degradative abilities described above are related to the 
propane monooxygenases.

The current study provides a wealth of information 
on the phylogeny of microorganisms containing all four 
propane monooxygenase subunits both from bacterial 
genomes and environmental metagenomes. The analysis 
produced several particularly interesting trends. First, 
the sequences annotating as propane monooxygenase 
from the environmental samples were not closely aligned 

Fig. 4   Alignment of propane monooxygenase alpha unit (prmA) 
from forest soils (blue square), KBS biofuel soils (upward blue tri-
angle), KBS switchgrass soils (downward blue triangle) with the 
closest sequences collected from NCBI classifying within the Alp-
haproteobacteria. Only the closest matching Alphaproteobacteria 
sequences are shown. The UK soil metagenomes did not contain 
similar sequences. The evolutionary history was inferred by using the 
Maximum Likelihood method and General Time Reversible model. 
The tree with the highest log likelihood (− 12,331.74) is shown. The 
percentage of trees in which the associated taxa clustered together 
is shown next to the branches. Initial tree(s) for the heuristic search 
were obtained automatically by applying Neighbor-Join and BioNJ 

algorithms to a matrix of pairwise distances estimated using the Max-
imum Composite Likelihood (MCL) approach, and then selecting the 
topology with superior log likelihood value. A discrete Gamma dis-
tribution was used to model evolutionary rate differences among sites 
(5 categories (+ G, parameter = 1.2097)). The rate variation model 
allowed for some sites to be evolutionarily invariable ([+ I], 39.87% 
sites). The tree is drawn to scale, with branch lengths measured in the 
number of substitutions per site. This analysis involved 24 nucleotide 
sequences. Codon positions included were 1st + 2nd + 3rd + Noncod-
ing. There were a total of 1671 positions in the final dataset. Evolu-
tionary analyses were conducted in MEGA11
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to microorganisms typically associated with propane 
biodegradation (e.g. Mycobacterium and Rhodococcus). 
Laboratory studies will be required to determine if the 
propane monooxygenase associated genera from the 
environmental samples (Amycolatopsis, Kribbella, 
Bradyrhizobium, Paraburkholderia and Burkholderia) 
are indeed capable of propane metabolism. Another 
notable trend is the occurrence of Betaproteobacteria 
associated propane monooxygenase sequences in the 
forest soil roots (and not in the other WGS datasets). Root 
samples may therefore be useful as an inoculum to isolate 
novel Betaproteobacteria propanotrophs. Finally, the 
Alphaproteobacteria phylogenetic trees were dominated 
by sequences from the switchgrass and miscanthus soils 
and Bradyrhizobium, a genus containing many nitrogen-
fixing microorganisms. This trend is consistent with 
the fact that switchgrass and miscanthus requires lower 
or no N-fertilizer inputs in comparison to conventional 
maize production [85]. Again, this may offer another 
opportunity to isolate novel propanotrophs from the 
Alphaproteobacteria. Overall, the current study highlights 
the previously untapped potential of diverse propanotrophs 
from natural samples.
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