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ABSTRACT
Monooxygenase (MO) enzymes are responsible for the oxidation of hydrocarbons and other compounds in the carbon and nitro-
gen cycles, are important for the biodegradation of pollutants and can act as biocatalysts for chemical manufacture. The soluble 
di-iron monooxygenases (SDIMOs) are of interest due to their broad substrate range, high enantioselectivity and ability to oxidise 
inert substrates such as methane. Here, we re-examine the phylogeny and functions of these enzymes, using recent advances in 
the field and expansions in sequence diversity in databases to highlight relationships between SDIMOs and revisit their classifi-
cation. We discuss the impact of horizontal gene transfer on SDIMO phylogeny, the potential of SDIMOs for the biodegradation 
of pollutants and the importance of heterologous expression as a tool for understanding SDIMO functions and enabling their use 
as biocatalysts. Our analysis highlights current knowledge gaps, most notably, the unknown substrate ranges and physiological 
roles of enzymes that have so far only been detected via genome or metagenome sequencing. Enhanced understanding of the 
diversity and functions of the SDIMO enzymes will enable better prediction and management of biogeochemical processes and 
also enable new applications of these enzymes for biocatalysis and bioremediation.

1   |   Introduction

Hydrocarbons are released into the environment by both nat-
ural and industrial processes and are of interest as intermedi-
ates in global carbon cycles (Koo and Rosenzweig 2021; Tucci 
and Rosenzweig 2024), as persistent pollutants (Shennan 2005) 
and as useful substrates for biocatalysis (Donadio et al. 2015). 
Bacteria can use most hydrocarbons as carbon and energy 
sources, provided that environmental conditions are appropri-
ate, but they require specialised enzymes for their metabolism. 
In the case of aromatic hydrocarbons, dioxygenase enzymes are 
the typical initial catalysts under aerobic conditions (Gibson 
and Parales  2000), while for aliphatic hydrocarbons (alkanes 
and alkenes), monooxygenase (MO) enzymes play this role 
(Shennan 2005; Guo et al. 2023). This review will focus on the 

MO enzymes, which have significant roles in biogeochemistry 
(Greening and Grinter 2022) and many interesting applications 
in biotechnology (Canada et al. 2002; Donadio et al. 2015).

Bacteria expressing MO enzymes are very important for the 
bioremediation of pollutants. A recent, well-studied example 
is the breakdown of 1,4-dioxane, a common groundwater pol-
lutant, which occurs via both co-metabolic (Wang et al. 2021b) 
and growth-linked (Mahendra and Alvarez-Cohen  2005; He 
et al. 2017) processes in MO-containing bacteria. There is also 
very extensive research on the use of MO enzymes for the biodeg-
radation and bioremediation of chloroethenes such as trichloro-
ethene (TCE), which are also common groundwater pollutants 
(Shennan  2005; Mattes, Alexander, and Coleman  2010). As 
with 1,4-dioxane, both co-metabolic (Ojo et  al.  2023) and 
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growth-linked (Jin and Mattes 2008) physiologies are associated 
with the degradation of chloroethenes, depending on the sub-
strate and the bacterial host.

MOs are prized for their applications in biocatalysis, due to their 
ability to add oxygen to substrates with high chemo-, regio- and 
stereo-specificity under mild reaction conditions (Constable 
et  al.  2007; Que Jr. and Tolman  2008). As a result, there is 
great interest in discovering and creating novel MOs that can 
catalyse these reactions for industrial and medicinal chem-
istry purposes (Constable et  al.  2007; Leak et  al.  2009; Bryan 
et al. 2018; Petkevičius et al. 2019). As will become increasingly 
clear throughout this review, a key theme for MO enzymes is ‘di-
versity’. This applies to both the types of MOs that are useful for 
biocatalysis (these include iron, copper and flavin-containing 
enzymes) (Torres Pazmiño et al. 2010) and also the types of re-
actions that are catalysed (hydroxylation, epoxidation and de-
saturation) (Keener and Arp 1994).

Several different classes of MO can be found in Bacteria and 
Archaea, and a huge diversity of sequence types exists within 
each of these classes. Bacterial MOs have broad substrate ranges 
and provide diverse selective benefits. They can therefore be 
found in physiologically and taxonomically diverse bacteria 
(Osborne and Haritos 2019) and are often subject to horizontal 
gene transfer (HGT) via plasmids (Zou et al. 2021). The major 
exceptions to this rule are the particulate and soluble methane 
MOs (pMMOs, sMMOs), which are specialised for methane 
oxidation. These are more restricted in their taxonomic dis-
tribution and physiological roles (Kalyuzhnaya, Gomez, and 
Murrell 2019; Khider, Brautaset, and Irla 2021). For many years, 
it was believed that pMMO was the only example of a copper-
containing membrane-located MO (CuMMO), but it is now clear 
that both CuMMOs and the related ammonia MOs (AMOs) also 
exist in non-methanotrophic lineages of Bacteria and Archaea 
(Coleman et al. 2012; Diamond et al. 2022).

The MOs are typically categorised based on a combina-
tion of their cellular location and the cofactors they require 
(Torres Pazmiño et  al.  2010; Coleman et  al.  2011), leading to 
the following classes: haem-containing MOs (cytochrome 
p450) (Bernhardt  2006), flavin-dependent MOs (van Berkel, 
Kamerbeek, and Fraaije  2006), CuMMOs (Koo et  al.  2022; 
Tucci et  al.  2023), pterin-dependent MOs (Zhao et  al.  1994), 
di-iron membrane-located MOs (AlkB) (Ji et  al.  2013; Guo 
et al. 2023), cofactor-independent MOs (Fetzner 2002) and sol-
uble di-iron monooxygenases (SDIMOs) (Leahy, Batchelor, and 
Morcomb  2003). Alternatively, the MOs can be categorised 
based on their applications (biogeochemistry and/or bioremedi-
ation and/or biocatalysis, as described above) or their substrate 
range, but these classifications are less useful, since MOs typi-
cally have significant roles across multiple application areas and 
tend to have broad substrate ranges.

The relationship of MOs to the physiology of the host cell is com-
plex. Some MO reactions are linked to productive metabolism 
(growth-linked), while others are incidental and do not yield 
carbon or energy for the cell (cometabolism) (Horvath  1972; 
Semprini 1997). These distinctions are significant for how MO-
containing bacteria are deployed for different applications. The 
MOs covered in this review almost always act as the first step 

in a metabolic pathway, and so we have defined their ‘primary 
substrate’ (where known) as the compound used for the enrich-
ment and isolation of the host bacterium. The primary substrate 
(as defined here) will therefore always be growth-linked, but 
this does not necessarily imply that this is the ‘best’ substrate 
in terms of enzyme affinity or turnover rate (e.g., sMMO oxi-
dises ethylene more rapidly than methane (Colby, Stirling, and 
Dalton 1977), likely due to the chemical lability of ethylene vs. 
methane). Further, complexity is introduced when we consider 
a broad variety of compounds that can act as inducers of MO 
enzymes (i.e., inducing expression of the corresponding genes). 
These are often growth substrates for the respective bacteria, 
but they can also be downstream metabolites, co-metabolic sub-
strates or unrelated compounds. These conceptual relationships 
are summarised in Figure 1.

The SDIMOs are multicomponent enzymes, requiring at least 
three components: a hydroxylase, a reductase and a coupling 
protein (Leahy, Batchelor, and Morcomb  2003; Osborne and 
Haritos  2019). The hydroxylase component is itself complex, 
containing two or three subunits, arranged as α2β2 or α2β2γ2. 
Some SDIMOs also contain a ferredoxin or other accessory 
components (Zhou et al. 1998). The reductase extracts electrons 
from NADH and transfers them to the di-iron core in the hy-
droxylase α subunit, with assistance from the coupling protein 
(and ferredoxin, if present) (Wang et al. 2014). The hydroxylase 
then activates one oxygen atom in O2 to a high-energy state, 
and this then attacks the substrate, while the other oxygen atom 
is reduced to H2O (Stainthorpe et  al.  1990; Cardy et  al.  1991; 
Sullivan, Dickinson, and Chase  1998; Banerjee, Jones, and 
Lipscomb 2019). The product(s) generated are dependent on the 
substrate and the type of SDIMO.

The SDIMOs have been reviewed previously (Leahy, Batchelor, 
and Morcomb 2003; Notomista et al. 2003; Coleman, Bui, and 
Holmes  2006; Osborne and Haritos  2019) and classified into 
groups according to their protein sequences, the number of 
subunits, the operon arrangement and their substrate specific-
ity. Recent massive expansions of sequence databases warrant 
a re-investigation of these enzymes. An up-to-date overview 
of SDIMO sequence diversity, groups and operon structures is 
given in Figure  2. A better understanding of the sequence di-
versity and evolutionary relationships of SDIMOs is needed 
to enable better predictions of their substrates, physiological 
roles and ecological significance. This review aims to update 
our definitions of SDIMO groups, highlight recent discoveries 
and experimental advances and pinpoint knowledge gaps for 
future work. We will first focus on phylogenetic analysis, with 
sections organised based on the previously defined groups 1 to 
7 (Leahy, Batchelor, and Morcomb 2003; Notomista et al. 2003; 
Yang et al. 2024). After exploring the phylogeny of the SDIMOs, 
we will summarise progress on heterologous expression (this is 
an important tool for the development of biocatalysts). We will 
examine evidence for HGT of SDIMO genes, since this plays a 
large role in the evolution of hydrocarbon-degrading bacteria 
(Osborne and Haritos  2018; Zou et  al.  2021). Finally, we will 
highlight recent examples of the use of SDIMOs for bioremedi-
ation of pollutants.

Some comments on nomenclature are important before be-
ginning the review. First, there is a discrepancy in the 
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literature between SDIMO groups 1 and 2. These group num-
bers (Notomista et  al.  2003) were switched in a later paper 
(Holmes and Coleman 2008), and this change was propagated 
in the literature (Ren et al. 2022; Yang et al. 2024). We will use 
the more recent naming scheme, where group 1 are the ‘tolu-
ene MOs’ (TMOs) and group 2 are the ‘phenol MOs’ (PhMOs). 
Second, to simplify language, we will assume that protein se-
quences encoded in genomes and metagenomes are expressed 
and functional, i.e., we will refer to them as ‘enzymes’. Thirdly, 
we will use the phylogeny of the alpha subunit as a proxy for 
the holoenzymes, although typically this only holds true for the 
two parts of the hydroxylase component (aβ) and less so for the 
reductase (Leahy, Batchelor, and Morcomb  2003). Finally, we 
have used the most recent and correct terms for different phyla, 
so ‘Proteobacteria’ are now ‘Pseudomonadota’, ‘Firmicutes’ 
are ‘Bacillota’ and ‘Actinobacteria’ are ‘Actinomycetota’ 
(Oren and Garrity  2021). We have used the older genus name 
‘Mycobacterium’ here (Meehan et al. 2021) rather than splitting 
this genus into five new genera (Gupta, Lo, and Son 2018).

2   |   Methods

A reference sequence from each SDIMO group (Table S1) was 
used for protein similarity searches (BLASTp) against the NCBI 
Protein database (Johnson et  al.  2008), retaining all sequence 
results with over 80% coverage to the query sequence. The re-
sults were filtered further by establishing a percent amino acid 
(aa) identity value cutoff for each group. These cutoffs were set 
manually after inspection of the BLASTp results and depended 
on the level of homology within each SDIMO group (Table S1). 
In cases where > 30 BLAST matches were retrieved, these se-
quences were clustered using CD-HIT (Fu et al. 2012), and one 

representative sequence of each cluster was retained. In cases 
where CD-HIT analysis yielded an uncharacterised SDIMO as 
a reference sequence, this was replaced with the sequence of 
a characterised enzyme with sequence as close as possible to 
the one suggested by CD-HIT. The sequences were assembled 
in FASTA format, aligned using ClustalX (Larkin et al.  2007) 
and then exported to GeneDoc (Nicholas and Nicholas 1997) for 
manual trimming to give uniform lengths. Internal gaps were 
retained. PhyML 3.0 online execution (Guindon et al. 2010) was 
used to generate the trees using the Smart Model Selection op-
tion (Lefort, Longueville, and Gascuel 2017) and the aLRT SH-
like fast-likelihood-based method for branch supports. MEGA11 
(Tamura, Stecher, and Kumar 2021) was then used to visualise 
and annotate the trees. See Table S1 for further methods details. 
The accession numbers for all represented alpha hydroxylase 
sequences in each phylogenetic tree can be found in Table S3.

3   |   Overview of Phylogeny and Functions of 
Different SDIMO Groups

3.1   |   Group 1 SDIMOs—TMOs

The group 1 SDIMOs (Figures 2 and 3) are commonly referred to 
as TMOs. We have kept this abbreviation for convenience, but it 
is important to note that their substrate range is very broad and 
also includes propene, isoprene, isobutene (2-methyl-propene), 
phenol, o-xylene and 1,4-dioxane as physiological (i.e., growth-
supporting) substrates (Table  S2). The TMO operons are 
composed of six genes, arranged as follows: α-hydroxylase, γ-
hydroxylase, ferredoxin, coupling protein, β-hydroxylase and 
reductase. The TMOs are abundantly represented in sequence 
databases (> 600 sequences, Table S1) and are well-characterised 

FIGURE 1    |    Relationships between compounds that are substrates for monooxygenase enzymes, with respect to host cell physiology. These in-
clude substrates that support the growth of the host (including the ‘primary substrate’ that was used for initial isolation of the host bacterium) and 
those that are transformed co-metabolically. Environmental pollutants that are MO substrates may fall into either of these groups. Although many 
biocatalysis feedstocks are growth substrates, in a biomanufacturing situation, the MO reaction product is intentionally diverted from further me-
tabolism, and so these are shown as not growth-linked. Inducers of MO gene expression include compounds from both groups of substrates but also 
metabolites and other compounds.
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in the scientific literature. High sequence diversity exists in the 
TMO group, as indicated by the low % aa identity values used 
in our analyses here as cutoffs for group membership (35%) and 
CD-HIT clustering (65%) (Table  S1). Further details of TMOs 
that have been experimentally characterised can be found in 
Table S2.

We have defined five subgroups within the TMOs (A–E) in 
Figure 3 in order to facilitate discussion regarding patterns of 
distribution and function. These subgroups are all supported by 
high bootstrap values (> 90%). Subgroups A and B contain un-
characterised enzymes encoded in genomes and metagenome-
assembled genomes (MAGs) from Pseudomonadota, 

Acidobacteria, Actinomycetota, Planctomycetota and, most 
intriguingly, the candidate phylum Binatota, which contains 
many putative hydrocarbon oxidizers (Chuvochina et al. 2019; 
Murphy et al. 2021). There is no experimental evidence yet for 
the substrates of the enzymes in subgroups A and B, but given 
their placement in the group 1 SDIMOs, it is plausible that their 
substrates are aromatic hydrocarbons. Subgroup C includes 
most of the well-studied TMOs, which have toluene as the pri-
mary substrate and are found typically in the Pseudomonadota. 
Subgroup D contains dioxane- and toluene-oxidising enzymes, 
which are found in diverse phyla, i.e., Bacillota, Actinomycetota, 
Thermomicrobiota and Cyanobacteriota. Subgroup E con-
tains isoprene MOs, in addition to uncharacterised enzymes 

FIGURE 2    |    Evolutionary relationships of SDIMO enzymes. The maximum likelihood tree was made from a trimmed alignment of alpha-subunit 
sequences (494 amino acid length), with numbers at nodes indicating percentage bootstrap values. Group numbers are shown in ovals at the right. 
Only experimentally characterised SDIMOs are shown in the tree, with the exceptions of the predicted enzymes from Zhongshania aliphativorans 
and Aestuaricella hydrocarbonica in group 7. The operon structures are shown as block arrow diagrams, with subunits as follows: α = alpha hydrox-
ylase, β = beta hydroxylase, γ = gamma hydroxylase, C = coupling protein, Fd = ferredoxin, MD = MMOD or MMOD-like, PhK = PhK-like, R = re-
ductase. Coloured shading behind organism names indicates their phylum as follows: purple = Actinomycetota, pink = Pseudomonadota, light 
blue = Bacillota. Bootstrap values less than 50% are not shown. Scale bar units are amino acid substitutions per site.
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FIGURE 3    |    Evolutionary relationships of the group 1 SDIMOs. The maximum likelihood tree was made from a trimmed alignment of alpha-
subunit sequences (533 aa length), with numbers at nodes indicating percentage bootstrap values. Bootstrap values less than 50% are not shown. Scale 
bar units are amino acid substitutions per site. ZmoC of Solimonas soli was used as the outgroup to root the tree. Dots preceding organism names 
indicate the following: black circle = characterised SDIMO, grey circle = uncharacterised SDIMO from pure culture genome, white circle = unchar-
acterised SDIMO from metagenome-assembled genome (MAG). Coloured shading behind organism names indicates their phylum as follows: pur-
ple = Actinomycetota, pink = Pseudomonadota, light blue = Bacillota, grey = other.
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from Pseudomonadota and Actinomycetota. From Figure  3, 
it is clear that the majority of TMO sequences in genomes and 
metagenomes have unknown functions and significance. This 
is testament to the high sequence diversity of this group and em-
phasises the wide knowledge gap between sequences and func-
tions within the SDIMOs more generally.

3.2   |   Group 2 SDIMOs—PhMOs

The group 2 SDIMOs (Figures 2 and 4) are commonly referred to 
as phenol hydroxylases (PHs) or the phenol MOs (PhMOs). The 
physiological substrates of the PhMOs are diverse, including not 
only phenol but also cresols, halogenated aromatic compounds, 
toluene, tetrahydrofuran (THF), benzene and xylene (Table S2). 
The PhMO operons are composed of six genes, arranged as 
follows: accessory protein, β-hydroxylase, coupling protein, 
α-hydroxylase, γ-hydroxylase and reductase. The PhMOs are 
abundant in sequence databases (> 1700 sequences, Table  S1) 
and are very diverse, as indicated by our analyses, which sug-
gested 35% aa identity for group membership and 70% aa identity 
as a CD-HIT cutoff for clustering analyses (Table S1). Details of 
experimentally characterised PhMOs can be found in Table S2.

Due to the high diversity of PhMOs and the more gradual tran-
sitions seen between the sequences relative to other groups (e.g., 
compare to the group 3 SDIMO tree, Figure  5), meaningful 
subgroups within the PhMO phylogenetic tree were more dif-
ficult to establish. The experimentally characterised PhMOs 
are all represented within subgroups A and B (these subgroups 
are supported by bootstrap values > 90%) and are harboured by 
Pseudomonadota, except for MhpLMNOQBP from S. acidophi-
lus TPY (Bacillota) and PhmKLMNOP from Arthrobacter sp. W1 
(Actinomycetota). The PhMO in S. acidophilus TPY is unique, 
since it is the only characterised PhMO outside of subgroups A 
and B and the only example from a thermoacidophile. Its op-
eron structure is notably different to the other PhMOs (Zhou 
et al. 2016). Most of the PhMOs have a narrow substrate range 
compared to their TMO relatives (Table  S2), although some 
members do perform cometabolic oxidations of various pollut-
ants (see section below and, e.g., Pseudomonas CF600 (Shingler 
et  al.  1989, Norlund, Powlowski, and Shingler  1990)). It is in-
triguing that the deeper branches of the group 2 SDIMO tree 
are in the Bacillota and Actinomycetota, while the shallower 
branches are in the Pseudomonadota, suggesting an origin 
in a Gram-positive lineage and then later transfer into Gram-
negatives (see also section below on HGT).

3.3   |   Group 3 SDIMOs—sMMOs and Relatives

For many years, the group 3 SDIMOs (Figures 2 and 5) were rep-
resented solely by the sMMO enzymes in methanotrophic bac-
teria, and this is still the most common group 3 SDIMO found 
in genomes and metagenomes (two-thirds of the sequences in 
the NCBI database using our search method). The butane MO 
(BMO) of Thauera butanivorans (BmoXYBZDC) provided the 
first example of a different group 3 SDIMO, in terms of substrate 
range and host type (Sluis, Sayavedra-Soto, and Arp 2002), later 
followed by even more divergent examples in the gaseous alkane 
MOs (Smo) of Mycobacterium strain NBB4 (Martin, Ozsvar, and 

Coleman  2014) and Rhodococcus strain ZPP (Zou et  al.  2021). 
The sMMOs are arguably the best-characterised SDIMOs and 
have well-defined biochemistry, physiology and structures 
(Sakai, Yurimoto, and Shima  2023). However, a major barrier 
that has hindered more detailed molecular studies of the sMMOs 
has been the lack of a good heterologous expression system (see 
section below). This problem also limits their applications in 
biocatalysis. The physiological substrate range of the sMMOs is 
limited (methane and short-chain alkanes) but their cometabolic 
oxidation range is very wide (Table S2).

The sMMO and BMO operons are composed of six genes in 
this order: α-hydroxylase, β-hydroxylase, coupling protein, γ-
hydroxylase, accessory protein and reductase. The Smo oper-
ons have five genes in this order: α-hydroxylase, β-hydroxylase, 
coupling protein, γ-hydroxylase and reductase. The significance 
of the different operon structures between the different sub-
groups is not yet known, but it is important to note that the five-
component Smo enzyme of Mycobacterium NBB4 was shown 
to be functional in a heterologous host, despite lacking a homo-
logue of the accessory protein subunit seen in sMMO and BMO 
(Martin, Ozsvar, and Coleman  2014). The sequence diversity 
of the group 3 SDIMOs is low compared to groups 1 and 2, as 
demonstrated by the relatively high cutoff for group member-
ship (50% aa identity, Table  S1) and the high clustering value 
used for CD-HIT analysis (95% aa identity, Table S1). The details 
of experimentally characterised group 3 SDIMOs are found in 
Table S2.

The group 3 SDIMOs have been divided into three subgroups 
(A–C) here to facilitate discussion (Figure  5). All of these 
subgroups are supported by high bootstrap values (> 98%). 
Subgroup A contains the Smo enzymes and is dominated by 
Actinomycetota (primarily Mycobacterium spp), with one nota-
ble exception of a predicted enzyme encoded in the genome of an 
Oleomonas strain (Alphaproteobacteria). Subgroup B enzymes 
are found in Pseudomonadota and include BMO, which is thus 
far the only characterised member of this subgroup. Subgroup 
C enzymes are also found only in the Pseudomonadota. Most 
strains harbouring subgroup C enzymes are canonical meth-
anotrophs that harbour sMMOs and utilise methane as their 
physiological substrate. The availability of many new sequences 
in subgroups A and B adds depth to the group 3 SDIMO tree 
and allows us to make stronger predictions about the origins 
of methanotrophy. Specifically, this tree strongly supports the 
previous proposal that the sMMO in methane-oxidising spe-
cialists arose from an earlier C2–C4 alkane-oxidising Smo-like 
enzyme in a generalist host (Osborne and Haritos  2019). The 
group 3 SDIMO tree shows some similar large-scale patterns 
to the group 1 SDIMO tree, in that the deeper branches are in 
the Actinomycetota (with one exception) and the shallower 
branches are in the Pseudomonadota.

3.4   |   Group 4 SDIMOs—Alkene MOs

The group 4 SDIMOs (Figures 2 and 6) are commonly referred to as 
alkene MOs. Unlike many other SDIMO groups, their physiological 
substrate range is narrow and focused on the utilisation of short-
chain alkenes, i.e., ethene (Coleman et al. 2011), propene (Saeki 
and Furuhashi 1994; Woodland, Matthews, and Leak 1995; Saeki 
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FIGURE 4    |    Evolutionary relationships of the group 2 SDIMOs. The maximum likelihood tree was made from a trimmed alignment of alpha-
subunit sequences (470 aa length), with numbers at nodes indicating percentage bootstrap values. Bootstrap values less than 50% are not shown. 
Scale bar units are amino acid substitutions per site. ZmoC of Solimonas soli was used as the outgroup to root the tree. Dots preceding organ-
ism names indicate the following: black circle = characterised SDIMO, grey circle = uncharacterised SDIMO from pure culture genome, white cir-
cle = uncharacterised SDIMO from MAG. Coloured shading behind organism names indicates their phylum as follows: purple = Actinomycetota, 
pink = Pseudomonadota, light blue = Bacillota, grey = other.
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et al. 1999), 1-butene (Suzuki et al. 2019) and vinyl chloride (VC) 
(Mattes et al. 2005) (Table S2). The alkene MO operons are com-
posed of four genes, which are arranged as follows: β-hydroxylase, 
coupling protein, α-hydroxylase and reductase. Compared to other 
SDIMO groups, alkene MOs are not well-represented in sequence 
databases (only 22 total sequences, Table S1) and are not as well-
characterised in the scientific literature. The group 4 SDIMOs are 
exclusively found in the Actinomycetota, with one exception to 
date (Halieaceae strain PE-TB08W, a propene-oxidising member 
of the Gammaproteobacteria). Alkene MOs have moderate se-
quence diversity, as shown by the 50% aa identity value used in 

our analysis here as the cutoff for group membership. Due to the 
small number of enzymes in group 4, clustering via CD-HIT anal-
ysis was not done, and thus, Figure 6 represents all the predicted 
alkene MOs in sequence databases at the time of writing. The de-
tails of the alkene MOs that have been experimentally character-
ised are found in Table S2.

We have defined here three distinct subgroups (A–C) within 
alkene MOs, which are supported by bootstrap values > 97% 
(Figure 6). These correspond quite well to the physiological sub-
strates of the host cells, where this is known. Subgroup A contains 

FIGURE 5    |    Evolutionary relationships of the group 3 SDIMOs. The maximum likelihood tree was made from a trimmed alignment of alpha-
subunit sequences (495 aa length), with numbers at nodes indicating percentage bootstrap values. Bootstrap values less than 50% are not shown. 
Scale bar units are amino acid substitutions per site. ZmoC of Solimonas soli was used as the outgroup to root the tree. Dots preceding organ-
ism names indicate the following: black circle = characterised SDIMO, grey circle = uncharacterised SDIMO from pure culture genome, white cir-
cle = uncharacterised SDIMO from MAG. Coloured shading behind organism names indicates their phylum as follows: purple = Actinomycetota, 
pink = Pseudomonadota.
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no experimentally characterised MOs and is very divergent from 
subgroups B and C, suggesting that these enzymes may have a 
different substrate range and physiological role to the known 
alkene MOs. Subgroup B contains ethene MOs (EtnABCD). 
These have several characterised members in the genera 
Mycobacterium and Nocardioides (Coleman and Spain  2003b; 
Mattes et al. 2005; Chuang and Mattes 2007; McCarl et al. 2018). 
Subgroup C contains propene MOs (AmoABCD, PmoABCD), 
with characterised members in Mycobacterium, Rhodococcus 
and Halieaceae. Alkene MOs have been characterised primarily 
by heterologous expression and reverse-transcription PCR, but 
these enzymes are less well-studied than the SDIMOs in groups 
1, 2 and 3. For example, no knockout mutants have been made, 
only one of the proteins has been purified (AmoABCD from 
Rhodococcus ruber B-276 (Miuran and Dalton 1995, Gallagher, 
Cammack, and Dalton  1997)), and no crystal structures are 
available. More work is needed on both the partly characterised 
group 4 SDIMOs and the unstudied members of this family in 
order to better understand their ecological significance and po-
tential applications. In the latter case, this is important due to 
the uniquely high stereoselectivity of oxidations catalysed by 
alkene MOs (Cheung et al. 2013).

3.5   |   Group 5 SDIMOs: Propane-2-MOs 
and Relatives

The group 5 SDIMOs (Figures  2 and 7) are commonly re-
ferred to as propane MOs, or more correctly, propane-2-MOs 
(Pr2MOs), but their physiological substrate range covers diverse 

chemical families including THF, 1,4-dioxane, acetone, methy-
lethylketone and N-nitrosodimethylamine (Table S2). The group 
5 SDIMO operons are composed of 4 genes arranged as follows: 
α-hydroxylase, reductase, β-hydroxylase and coupling protein. 
These are represented by a very large number of sequences 
found in databases (> 1000, Table  S1) and some members are 
moderately well-characterised. The group 5 SDIMOs have high 
intra-group sequence diversity, as shown by the 40% aa identity 
value used as a cutoff for group membership and the relatively 
low clustering cutoff (80%) for CD-HIT analysis (Table S1). The 
details of experimentally characterised group 5 SDIMOs can be 
found in Table S2.

We have divided the group 5 SDIMOs into three subgroups 
(A–C) for the purposes of discussion. Subgroup A contains pre-
dominantly sequences from Actinomycetota MAGs, along with 
three characterised THF-oxidising enzymes (ThmADBC) from 
Pseudonocardia and Arthrobacter. Subgroup B is also comprised 
exclusively of enzymes from Actinomycetota and includes all 
the characterised Pr2MOs (typically annotated PrmABCD) and 
one THF-oxidising enzyme (ThmADBC). Subgroup C is found 
primarily in Pseudomonadota and also includes one Bacillota 
host and one Verrucomicrobia host. This subgroup does not 
contain any experimentally characterised enzymes. Like all 
the previously discussed SDIMO groups, there is a large knowl-
edge gap between sequences and functions within the group 5 
SDIMOs. In the case of the subgroup B enzymes, this is espe-
cially intriguing, since they are found in the genomes of many 
Actinomycetota, regardless of their isolation substrate. We hy-
pothesise that acetone or related ketones could be the usual 

FIGURE 6    |    Evolutionary relationships of the group 4 SDIMOs. The maximum likelihood tree was made from a trimmed alignment of alpha-
subunit sequences (497 aa length), with numbers at nodes indicating percentage bootstrap values. Bootstrap values less than 50% are not shown. 
Scale bar units are amino acid substitutions per site. ZmoC of Solimonas soli was used as the outgroup to root the tree. Dots preceding organ-
ism names indicate the following: black circle = characterised SDIMO, grey circle = uncharacterised SDIMO from pure culture genome, white cir-
cle = uncharacterised SDIMO from MAG. Coloured shading behind organism names indicates their phylum as follows: Purple = Actinomycetota, 
pink = Pseudomonadota.
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physiological substrates of these enzymes, since ketones are 
common metabolites in many bacteria, unlike hydrocarbons.

3.6   |   Group 6 SDIMOs: Propane-1-MOs 
and Relatives

The group 6 SDIMOs (Figures  2 and 8) are commonly re-
ferred to as propane MOs, or more correctly, propane-1-MOs 
(Pr1MOs). While their primary substrate is propane (Kotani 
et  al.  2006; Masuda et  al.  2012), the physiological sub-
strates of the group 6 SDIMOs also include n-butane (Kotani 
et al. 2006), 1,4-dioxane and THF (He et al. 2017) (Table S2). 
A key functional difference between the group 5 and group 
6 SDIMOs is that the former oxidise the subterminal carbon 
of alkanes, whereas the latter oxidise the terminal carbon 
(Kotani et  al.  2006). The group 6 SDIMO operons are com-
posed of four genes arranged as follows: α-hydroxylase, β-
hydroxylase, coupling protein and reductase. These genes 
are not common in sequence databases (44 total sequences, 
Table S1) and they have low sequence diversity as suggested 
by the high CD-HIT clustering cutoff (90%) used here for tree 
construction (Table S1).

The properties and significance of the group 6 SDIMOs are not 
well-understood, since only a small number have been exper-
imentally characterised, and even in those cases, only limited 
evidence for their biochemistry and physiology has been ob-
tained. The details of the Pr1MOs that have been characterised 
can be found in Table S2. Unlike the group 5 SDIMOs, which 
tend to be chromosomal, implying a place in the core metab-
olism of the hosts, the group 6 enzymes in Mycobacterium 
sp. NBB4 (Coleman et  al.  2011), Mycobacterium sp. ELW1 
(Kottegoda, Waligora, and Hyman 2015), Mycobacterium ga-
dium IBE100 (Helbich et  al.  2023) and Mycobacterium par-
agordonae IBE200 (Helbich et  al.  2023) are harboured on 
large plasmids. This is consistent with a role for the group 6 
SDIMOs in oxidising less-frequently encountered substrates 
such as gaseous alkanes.

We have defined three subgroups (A–C) of group 6 SDIMOs 
(Figure  8) to facilitate discussion. Subgroup A contains pre-
dominantly sequences from Pseudomonadota MAGs and does 
not contain any characterised enzymes. Subgroup B contains 
a mixture of Actinomycetota (mostly Mycobacteria), an un-
characterised Deltaproteobacteria sp. and, most intriguingly, 
sequences from Candidatus Binataceae and Chloroflexi. Both 

FIGURE 7    |    Evolutionary relationships of the group 5 SDIMOs. The maximum likelihood tree was made from a trimmed alignment of alpha-
subunit sequences (439 aa length), with numbers at nodes indicating percentage bootstrap values. Bootstrap values less than 50% are not shown. 
Scale bar units are amino acid substitutions per site. ZmoC of Solimonas soli was used as the outgroup to root the tree. Dots preceding organ-
ism names indicate the following: black circle = characterised SDIMO, grey circle = uncharacterised SDIMO from pure culture genome, white cir-
cle = uncharacterised SDIMO from MAG. Coloured shading behind organism names indicates their phylum as follows: purple = Actinomycetota, 
pink = Pseudomonadota, light blue = Bacillota, grey = other.
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these phyla are known to harbour putative hydrocarbon de-
graders (Chuvochina et al. 2019; Dong et al. 2020). Subgroup C 
is mostly made up of Mycobacterium sequences, except for one 
sequence from an Actinomycetota MAG. Again, it is clear that 
most of the sequence diversity of the group 6 SDIMOs represents 
unexplored functions, especially in subgroup A.

3.7   |   The Group 7 SDIMOs: A New Subgroup 
of Unclear Function and Significance

The group 7 SDIMOs (Figures  2 and 9) are the most recently 
identified subgroup (Yang et al. 2024), and we know very little 
about their biochemistry, physiology and ecological significance. 

FIGURE 8    |    Evolutionary relationships of the group 6 SDIMOs. The maximum likelihood tree was made from a trimmed alignment of alpha-
subunit sequences (459 aa length), with numbers at nodes indicating percentage bootstrap values. Bootstrap values less than 50% are not shown. 
Scale bar units are amino acid substitutions per site. ZmoC of Solimonas soli was used as the outgroup to root the tree. Dots preceding organ-
ism names indicate the following: black circle = characterised SDIMO, grey circle = uncharacterised SDIMO from pure culture genome, white cir-
cle = uncharacterised SDIMO from MAG. Coloured shading behind organism names indicates their phylum as follows: purple = Actinomycetota, 
pink = Pseudomonadota, grey = other.

FIGURE 9    |    Evolutionary relationships of the group 7 SDIMOs. The maximum likelihood tree was made from a trimmed alignment of alpha-
subunit sequences (455 aa length), with numbers at nodes indicating percentage bootstrap values. Bootstrap values less than 50% are not shown. Scale 
bar units are amino acid substitutions per site. PoxD of Ralstonia sp. E2 was used as the outgroup to root the tree. Dots preceding organism names 
indicate the following: black circle = characterised SDIMO, grey circle = uncharacterised SDIMO from pure culture genome, white circle = unchar-
acterised SDIMO from MAG. Coloured shading behind organism names indicates their phylum as follows: pink = Pseudomonadota, grey = other.
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The first member of this subgroup was identified in 2019 in 
the genome of Solimonas soli (Osborne and Haritos 2019). The 
S. soli SDIMO (ZmoABCD) can be expressed in Pseudomonas 
putida KT2440 and was able to oxidise C2–C4 alkenes, 1-hexene, 
1-octene, isoprene, acrylic acid, VC and cis-1,2-DCE (Yang 
et al. 2024) (Table S2). However, that study could not identify 
the physiological substrate of the enzyme. At the time of writ-
ing, only 14 group 7 SDIMO sequences can be identified in 
sequence databases. All of these have the same operon struc-
ture as the group 4 SDIMOs (β-hydroxylase, coupling protein, 
α-hydroxylase and reductase). The group 7 SDIMOs form a co-
herent clade, which is distant from the existing SDIMO groups 
(Figure 2), justifying the proposal for a new SDIMO group.

The group 7 SDIMOs are found almost exclusively in 
Gammaproteobacteria (Figure  9), with one exception in the 
Myxococcota, and one in a taxonomically indeterminate MAG. 
As mentioned above, the primary substrate of this SDIMO group 
remains unknown (Table S2), as do most of the relevant proper-
ties of the enzymes, such as the nature of the inducer(s), their 
protein structures and their associated metabolic pathways. One 
interesting trend in this subgroup is that the majority of the bac-
terial hosts are marine bacteria, which suggests that the physi-
ological substrate(s) of this SDIMO type may be specific to this 
habitat.

4   |   SDIMOS in Biodegradation & Bioremediation

Biodegradation is the process by which organic compounds are 
broken down by microbes, while bioremediation refers to the 
technology of harnessing these biodegradation processes to ef-
fectively cleanup organic pollutants found in contaminated sites 
(Wackett and Hershberger  2001). SDIMO-containing bacteria 
are popular candidates for pollutant cleanup due to their wide 
substrate range. The use of SDIMOs for bioremediation has pre-
viously been reviewed, especially with respect to halogenated 
alkanes and alkenes (Shennan 2005), halogenated aromatic hy-
drocarbons (Pimviriyakul et al. 2020) and cyclic ethers (Skinner 
et al. 2024). We will therefore provide only a brief overview in 
this section, focussing on some recently discovered SDIMOs 
that have not been reviewed elsewhere. The reader is referred 
to Table S2 for specific details of pollutants metabolised by dif-
ferent SDIMOs.

4.1   |   Impacts of Cometabolism and Physiology on 
Bioremediation

Prior to implementation of an SDIMO for bioremediation, it is 
helpful to first understand the place of the enzyme in its host's 
physiology, since a purely biochemical understanding of the en-
zyme's activity may be insufficient for successful deployment of 
the bacteria for bioremediation (Skinner et al. 2024). It is espe-
cially important to understand the process limitations imposed 
by cometabolism (metabolism of a compound in a manner that 
provides no growth benefit (Boethling and Alexander  1979, 
Schmidt, Simkins, and Alexander 1985)). In cometabolic biore-
mediation processes, the growth substrate competes with the 
pollutant for the enzyme active site, and this impacts the enzyme 

kinetics (Alvarez-Cohen and Speitel Jr. 2001). While high rates 
of turnover are possible using cometabolic reactions, the lack 
of carbon and energy yield from the pollutant and the need for 
an auxiliary substrate causes numerous problems for process 
implementation and sustainability. The growth substrate may 
need sequential (rather than continuous) addition (Frascari 
et  al.  2012), a different inducer may also need to be added 
(Suttinun, Muller, and Luepromchai 2009) and the cometabolic 
substrate may itself be toxic or may give rise to toxic metabolites 
(van Hylckama Vlieg and Janssen 2001; Halsey et al. 2005). For 
more detail, the reader is referred to an excellent recent review 
(Skinner et al. 2024), which covers issues of cometabolism and 
SDIMOs in depth.

4.2   |   SDIMO-Mediated Biodegradation 
of Halogenated Hydrocarbons

Halogenated alkanes, alkenes and aromatics are common 
groundwater pollutants, and thus, there has been much interest 
in finding and characterising bacteria that can biodegrade these 
chemicals (Shennan 2005; Pimviriyakul et al. 2020). Nearly all 
of the SDIMO groups contain members that are capable of com-
etabolic oxidation of haloalkenes (Table  S2), with some well-
studied examples including the PhMO of Burkholderia cepacia 
G4 (Shim and Wood 2000) and the TMO of Pseudomonas stutzeri 
OX1 (Ryoo et al. 2001) (Table S2). The alkene MOs (EtnABCD, 
group 4) found in mycobacteria are noteworthy, since these en-
able growth on a chlorinated ethene (VC), not just cometabo-
lism. One such strain, Mycobacterium JS623, provided the first 
evidence for the specific mutations associated with adaptation 
to growth on chlorinated hydrocarbons (VC) from a cometa-
bolic ancestor (Jin et al. 2010). The mycobacteria have proved 
a rich source of unusual SDIMOs. Strain NBB4, for example, 
has 4 SDIMOs (Coleman et al. 2011), including SmoXYC1B1Z, 
an unusual group 3 SDIMO, which can attack VC and 
1,2-dichloroethane (Martin, Ozsvar, and Coleman  2014). This 
enzyme is notable for being the only group 3 SDIMO to date that 
is amenable to heterologous expression in a generalist bacterial 
host (see section below).

Two interesting recently discovered SDIMOs capable of biodeg-
radation of chlorinated ethenes are the TmoABCDEF (group 1) 
and PrmABCD (group 5) in Azoarcus sp. DD4 (Deng et al. 2020; 
Li et  al.  2021). These SDIMOs are unusual because they are 
found in a single bacterium and both have activity on propane. 
This is unique for a group 1 SDIMO. Strain DD4 has been used 
for bioremediation of trichloroethylene (TCE) in groundwa-
ter, by employing an anaerobic consortium to convert TCE to 
cis-dichloroethylene (cDCE) and VC and then using Azoarcus 
to cometabolise cDCE and VC during growth on propane (Li 
et al. 2021). Another recently discovered SDIMO with potential 
applications for bioremediation is ZmoABCD from Solimonas 
soli DCY12. This SDIMO can attack VC and cDCE (Table S2) and 
is interesting as the first example of an SDIMO with a useful ap-
plication but unknown primary substrate. The only SDIMO that 
is known to be involved in growth on a halogenated aromatic 
is Tbm (group 2 SDIMO) from Pseudomonas sp. JS150, which 
utilises p-chlorobenzene (Spain and Nishino  1987). However, 
other group 2 SDIMOs can readily oxidise halogenated phenols 
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by cometabolism (e.g., phenol-grown cells of Pseudomonas 
putida CF600, which will attack 4-chlorophenol (Nowak and 
Mrozik 2016)).

4.3   |   SDIMO-Mediated Biodegradation 
of Cyclic Ethers

Cyclic ethers are another major category of groundwater pollut-
ants (Miao et al. 2023). Two of the most well-studied are THF 
and 1,4-dioxane, which have been used as isolation substrates 
and/or cometabolic substrates for many bacteria that contain 
group 5 SDIMOs (Table S2). A recent interesting ether-degrading 
bacterium is Xanthobacter sp. YN2, which in contrast contains 
a group 1 SDIMO (ThmABCDEF) and can utilise 1,4-dioxane, 
1,3-dioxane, 1,4-dioxene and THF as growth substrates (Ma 
et al. 2021) (Table S2). This SDIMO is remarkable, since it is the 
first example of an enzyme from group 1 linked to ether me-
tabolism, and also because it enables growth on a broad range 
of cyclic ethers. The nomenclature of this enzyme is a difficult 
issue. The sequence of the Xanthobacter sp. YN2 enzyme shows 
it to be more closely related to Tmo enzymes than to other Thm 
enzymes, but its substrate range looks more like the latter. This 
problem occurs in numerous places in the SDIMO family tree 
(Figure 2). The reader is advised to be wary of assumptions about 
genetic relatedness or enzymatic functions based on SDIMO 
names and to critically assess the prior literature when nam-
ing new SDIMOs. We recommend that new enzymes should be 
named based on sequence identity, not substrate range, since the 
latter is extremely fluid with SDIMOs.

Another recently reported cyclic ether degrader is Cupriavidus 
metallidurans ZM02 (Ren et al. 2022). This isolate is unusual, 
since it oxidises THF using a group 2 SDIMO, DmpKLMNOP 
(Table S2). In this case, the enzyme has been (we believe) cor-
rectly named based on its sequence identity to dimethylphenol 
(Dmp) MOs, and it is notable that strain ZM02 does also grow on 
phenol. The activity of DmpKLMNOP towards THF was con-
firmed by knockout experiments (these knockout strains lost the 
ability to grow on both THF and phenol) and also by heterolo-
gous expression in Cupriavidus strain JMP134. It was remark-
able that the recombinants in the latter experiments could not 
only degrade THF but could also grow on this compound. This 
is a powerful reminder that acquisition of SDIMO genes alone 
can sometimes modify the growth substrate range of the host 
and impact its fitness in different environments—these consid-
erations are relevant for understanding the selective forces im-
pacting HGT of SDIMO genes (below).

Arthrobacter strain WN18 uses a group 5 SDIMO (ThmADBC) 
to grow on THF and co-metabolically degrade 1,4-dioxane 
(Wang et al. 2021a; Wang et al. 2021b) (Table S2). Strain WN18 
is typical of most previously described dioxane degraders, which 
are Actinomycetota-containing group 5 SDIMOs that use THF 
or propane as primary substrates. It is worth noting that to date, 
relatively few organisms have been shown to grow on dioxane 
(Inoue et al. 2016; He et al. 2017). THF-utilising bacteria provide 
a good example of the challenges associated with cometabolic 
biodegradation processes, since the issues relate not only to the 
supply of carbon and energy but also to the need for THF as an 
inducer of the genes in the wild-type bacteria. It is notable that 

the environmental tolerances of the WN18 isolate (pH, tempera-
ture, salinity and resistance to other pollutants) were character-
ised (Wang et al. 2021b). This was vital, as these properties of a 
potential inoculant are important in determining the success of 
bioremediation.

Mycobacterium strain PH-06 is another interesting recent iso-
late (He et al. 2017; Deng, Li, and Li 2018). This is distinguished 
by its possession of a group 6 SDIMO PrmABCD, which attacks 
both THF and 1,4-dioxane and enables growth on both ethers 
as carbon and energy sources (Table S2). While Prm is upregu-
lated by both THF and 1,4-dioxane, strain PH-06 preferentially 
metabolises THF. This is in accordance with the preference for 
THF vs. dioxane seen in other ether degraders (Table S2) and is 
consistent with the fact that THF is a naturally occurring mol-
ecule (Parod  2014), while 1,4-dioxane is xenobiotic. Rigorous 
evidence for the involvement of the Prm enzyme in ether me-
tabolism was obtained through heterologous expression of the 
SDIMO in Mycobacterium smegmatis mc2-155. Such recombi-
nants may be useful for bioremediation, since they allow uncou-
pling of the pollutant-degrading enzymes from the metabolism 
of the host organism and enable the use of inducers that do not 
compete with pollutants for the enzyme active site. These ap-
proaches however do bring their own technical, legal and ethi-
cal issues (de Lorenzo 2009; Kelle 2013; Dvořák et al. 2017).

5   |   Heterologous Expression: A Key Tool for 
Understanding and Applying SDIMO Activities

The expression of SDIMO genes in an alternative host bac-
terium (heterologous expression) is a very useful method for 
testing the function of the encoded enzymes and holds promise 
for applying them in bioremediation and biocatalysis. Ideally, 
fast-growing and easy-to-manipulate hosts like Escherichia 
coli are used for heterologous expression experiments (Rosano 
and Ceccarelli  2014), but in the case of SDIMOs, this is often 
not possible, for reasons that are not clear. There is evidence 
that the phylogenetic distance between the native and heterol-
ogous hosts is one predictor of success (a more distant relation-
ship typically causes problems), and it also seems that SDIMO 
expression causes physiological stresses to the heterologous 
hosts, either due to the proteins themselves misfolding or due 
to reactive oxygen species generated in the active site. Below, we 
highlight some relevant strategies that have enabled successful 
heterologous expression of SDIMOs.

The first factor that affects heterologous expression of SDIMOs 
is the phylogenetic relationship between the native and heter-
ologous hosts, with greater success observed with closely re-
lated hosts. There are many reports of successful expression of 
group 1 and 2 SDIMOs using standard cloning vectors in E. coli 
(Shields et al. 1995; Bertoni et al. 1996; Horinouchi et al. 1999; 
Tao et al. 2004). These PHs and TMOs are harboured by hosts 
such as Pseudomonas, Burkholderia and Ralstonia, which are 
Gammaproteobacteria like E. coli. These group 1 and 2 SDIMOs 
can also be successfully expressed in Pseudomonas hosts (Kukor 
and Olsen  1990; Norlund, Powlowski, and Shingler  1990; 
Bertoni et al. 1996) (see Table S2 for more details). Similar pat-
terns are seen in other SDIMO groups, for example, the group 
5 SDIMOs from Pseudonocardia tetrahydrofuranoxydans K1 
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and Pseudonocardia dioxanivorans CB1190 can be expressed in 
Rhodococcus jostii RHA1 (Sales et al. 2013). In these cases, both 
native and expression hosts are Actinomycetota. The host phy-
logeny effects are at least partly due to codon usage differences 
(Gustafsson, Govindarajan, and Minshull  2004), and codon 
optimisation of the target genes can therefore help to improve 
expression. This was employed to good effect with the group 5 
SDIMO MimABCD of Mycobacterium smegmatis, enabling ex-
pression in E. coli (Furuya, Hayashi, and Kino 2013) (Table S2), 
although co-expression of chaperone proteins (see below) was 
also needed. One recent advance that has yet to be applied to 
the case of SDIMOs is the use of codon harmonisation (Angov 
et al. 2008) rather than optimisation. In this approach, codons 
with similar rarity in both native and expression hosts are used 
rather than just the most rapidly translated codons. It will be 
interesting to see if this approach helps SDIMO expression.

Another factor that may impede the success of SDIMO expression 
is the physiological stress that oxygenase enzymes place on the 
host cell. This reflects at least two distinct underlying problems; 
first, the challenge of correctly assembling a large multi-subunit 
enzyme, which requires numerous cofactors (Izzo et  al.  2011; 
McCarl et al. 2018), and second, the generation of damaging re-
active oxygen species in the active sites of oxygenases (Lee 1999; 
Sazykin et al. 2019; Bopp et al. 2022). One approach to combat 
these problems is to express the SDIMO in a host that already has 
their own native MO, e.g., sMMO of Methylosinus was success-
fully expressed in a pMMO-expressing host (Lloyd et al. 1999), 
and the SMO from Mycobacterium chubuense NBB4 was able 
to be expressed in M. smegmatis mc2-155 (Martin, Ozsvar, and 
Coleman  2014) (Table  S2). Using a MO-containing host is not 
ideal, however, due to potential difficulties in assigning activ-
ities to the relevant MO. In addition, the heterologous expres-
sion of MOs in MO-containing hosts while impressive may not 
be viable as an avenue for deployment of these enzymes, as the 
hosts are likely less amenable to in  situ deployment or indus-
trial processes. Another approach is to co-express chaperone 
proteins that aid protein folding. This approach is informed by 
the presence of chaperone genes next to many MO gene clusters, 
e.g., mimG near mimABCD in M. smegmatis mc2-155 (Furuya 
et al. 2012) and bmoG near bmoXYBZDC in Thauera butaniv-
orans (Kurth et  al.  2008). Co-expression of chaperones has 
enabled heterologous expression of Actinomycetota SDIMOs 
in Pseudomonadota hosts (e.g., EtnABCD from M. chubuense 
NBB4 in P. putida KT2440 (McCarl et al. 2018), MimABCD of M. 
smegmatis mc2-155 in E. coli (Furuya, Hayashi, and Kino 2013)) 
(Table S2) and the notoriously difficult to heterologously express 
sMMO in E. coli (sMMO from Methylomonas methanica MC09) 
(Zill et al. 2022).

The successes described above, and other examples found in 
Table S2, have enabled important advances in our understand-
ing of SDIMO function and laid the foundations for more de-
tailed molecular work. For example, the ease of expression of the 
PHs and TMOs in E. coli has enabled site-directed mutagenesis 
and directed evolution studies to create enzymes with altered 
kinetics and substrate ranges (Canada et al. 2002; Vardar and 
Wood 2004; Vardar and Wood 2005). The co-expression of chap-
erone proteins and the use of codon optimisation strategies have 
enabled the SDIMOs from Actinomycetota to be expressed in 
more industrially useful and genetically tractable hosts like E. 

coli and expanded the potential applications of these enzymes. 
Other general methods to reduce the stress of MO expression on 
heterologous hosts include the use low copy number vectors (Yen 
et al. 1991) and inducible promoters (Yang et al. 2024). Despite 
all these advances, there still appear to be unknown factors 
that are preventing heterologous expression of some SDIMOs 
(especially sMMO) in ‘workhorse’ bacteria, and even SDIMOs 
that are amenable to heterologous expression in E. coli give re-
combinants with much lower activities than the original host 
cells (Martin, Ozsvar, and Coleman 2014; McCarl et al. 2018). 
Strategies such as transposon mutagenesis or TraDIS (Cain 
et al. 2020) could be used to pinpoint these unknown factors in 
the native hosts, as a prequel to their co-expression alongside the 
SDIMOs in heterologous hosts.

6   |   HGT

Many studies have documented the importance of mobile ge-
netic elements (MGEs) such as plasmids and transposons in 
the evolution of pollutant-degrading bacteria (Tan  1999; Top, 
Springael, and Boon 2002; Top and Springael 2003), but less is 
known about the specific HGT events that have involved SDIMO 
genes. Understanding these events may help us piece together 
the missing links in the story of how SDIMO genes have moved 
between different taxa and evolved different functions suited 
to different environmental niches. An early seminal review of 
SDIMO evolution (Leahy, Batchelor, and Morcomb 2003) drew 
several key conclusions. First, the α and β subunits are paralogs 
(i.e., duplicated from a common ancestor), second, the reductase 
subunits share ancestry with oxidoreductases from diverse ox-
ygenase families, third, the common ancestor of the SDIMOs 
most likely had a very broad substrate range (both alkenes and 
aromatics) and finally, HGT played an important role in SDIMO 
evolution, both within gene clusters (acquisition and shuffling 
of subunits) and between taxa (movement of whole operons be-
tween diverse hosts).

We believe that the conclusions from the older literature regard-
ing HGT of SDIMOs are still valid, and it is clear from the exam-
ination of the figures in this review that the SDIMO genes have 
moved over large taxonomic distances (i.e., Pseudomonadota 
to Actinomycetota) numerous times. This poses questions 
about the mechanisms of HGT, since the plasmid types that 
carry SDIMOs are traditionally considered to be specific to ei-
ther Gram-negative bacteria (e.g., IncP-2 for PhMOs (Bartilson, 
Nordlund, and Shingler  1990)) or Gram-positive bacteria (e.g., 
large linear plasmids for alkene MOs (Saeki et al. 1999)). Some 
resolutions to this conundrum may be found in recent stud-
ies, which suggest that, first, novel MGEs with very broad 
host ranges exist in yet-to-be-cultured environmental bacteria 
(Smalla, Jechalke, and Top 2015) and, second, well-studied plas-
mids may have broader host ranges than previously believed, 
when these are tested using more innovative and/or systematic 
approaches (Klümper et al. 2015; Pesce et al. 2019).

The group 1 SDIMOs in particular appear to have been subject to 
extensive HGT, since the phylogeny of their α subunit sequences 
is incongruent with the phylogeny of their bacterial hosts 
(Figure 3). A good example of this can be seen in the isoprene-
oxidising enzymes from Xanthobacter Py2 (XamoABCDEF) 
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and Rhodococcus AD45 (IsoABCDEF), which are closely related 
(70% aa identity in α subunit) despite the hosts belonging to 
different phyla (Pseudomonadota vs. Actinomycetota). In both 
these cases, the SDIMOs are plasmid-encoded (Zhou, Chan Kwo 
Chion, and Leak 1996; Crombie et al. 2015), but little is known 
of the biology of these plasmids. There is indirect evidence that 
large linear catabolic plasmids may be able to move between 
different phyla (Fetzner, Kolkenbrock, and Parschat 2007), but 
specific experiments to test this are lacking. The reasons for the 
apparent higher mobility of the group 1 SDIMOs relative to the 
other groups are not known, although it could be speculated 
that this is related to their relative ease of heterologous expres-
sion. There is also some evidence for the inter-phylum transfer 
of group 2 SDIMOs in our analyses (Figure 4), e.g., the PhMOs 
from Acinetobacter strain S13 and Arthrobacter strain W1 are 
close neighbours (85% aa identity), but most HGT with the group 
2 SDIMOs seems to be occurring over smaller taxonomic dis-
tances (e.g., between different families and classes within the 
Pseudomonadota).

While the sMMO genes (group 3 SDIMOs) are considered to be 
stable chromosomal features of methanotrophs, these enzymes 
are likely to have had a complex evolutionary history involving 
numerous HGT events (Osborne and Haritos 2018). It is espe-
cially notable that the more ‘divergent’ group 3 SDIMOs (i.e., non-
sMMO-like) discovered in recent years tend to be encoded on 
plasmids (Martin, Ozsvar, and Coleman 2014; Zou et al. 2021). 
There is evidence for some major taxonomic divides within the 
deeper branches of group 3 SDIMO tree (Figure 4), where it ap-
pears that these genes have moved between the Actinomycetota 
and Pseudomonadata phyla on more than one occasion. It seems 
very likely from inspection of this tree that the sMMOs evolved 
from Smo-like ancestors that oxidised larger substrates. Notably, 
this still allows for the hypothesis that the methane-oxidising 
enzymes were moved via HGT into methanol-utilising hosts to 
give rise to the first aerobic methanotrophs (Kang, Dunfield, 
and Semrau 2019).

A case for HGT in the group 4 SDIMOs can also be made, but in 
a different way to the groups discussed above. All but one of the 
known group 4 SDIMOs are found in Actinomycetota (Figure 6), 
with only one case of apparent long-range HGT, i.e., AmoABCD 
in Halieaceae sp. PE-TB08W (Gammaproteobacteria), which 
has 68% aa identity in the alpha subunit to the AmoC from 
Rhodococcus B-276. However, three of the four experimentally 
characterised alkene MOs are known to be plasmid encoded 
(Saeki et  al.  1999; Chan Kwo Chion, Askew, and Leak  2005; 
Chuang and Mattes  2007; Coleman et  al.  2011), and there is 
indirect evidence based on pulsed-field gel electrophoresis 
experiments that many of the others are too (Coleman and 
Spain 2003a). The genome sequences of a set of ethene- and VC-
oxidising mycobacteria further indicate that the alkene assimila-
tion genes are found on large plasmids or plasmid-like contigs in 
nearly all cases (strains Nocardioides sp. JS614 (NCBI Reference 
Sequence: NC_008697.1), Mycobacterium rhodesiae JS60 (NCBI 
Accession Number: AY243034), Mycobacterium rhodesiae 
NBB3 (Reference Sequence: NC_016604.1) and Mycobacterium 
chubuense NBB4 (NCBI Reference Sequence: NC_018022.1)), al-
though knockout or curing experiments are needed to confirm 
this link. The picture that emerges of the group 4 SDIMOs is that 
they are highly mobile within the Actinomycetota thanks to the 

activities of large catabolic plasmids and are also more rarely 
involved in HGT events over further taxonomic distances. Much 
more work is needed to understand the biology of the large cat-
abolic plasmids found in the Actinomycetota, which are poorly 
studied compared to corresponding catabolic plasmids in Gram-
negative bacteria.

As mentioned above, group 5 SDIMOs are common components 
of the chromosomes of many Nocardioform species, and the 
corresponding SDIMO tree is dominated by the Actinomycetota 
(Figure 7). At first glance therefore, these are not strong candi-
dates for HGT. However, looking at the deeper branches in this 
tree reveals some taxonomic anomalies suggestive of HGT, in-
cluding the presence of two Bacillota spp. (Kyrpidia tusciae and 
Marinithermofilum abyssi), alongside several Pseudomonadota 
species in subgroup C. It would be especially interesting to fur-
ther probe the differences between the well-studied subgroup B 
enzymes from Actinomycetota and the related group C enzymes 
from Pseudomonadota. None of the latter have been experi-
mentally characterised yet, but their phylogeny suggests they 
may have a different substrate and/or ecological niche relative 
to the better-studied Prm and Thm enzymes. At least some of 
the group 5 SDIMOs are plasmid-borne (Thiemer, Andreesen, 
and Schrader 2003; Sales et al. 2013), providing a mechanism for 
HGT in at least a few cases.

There is only very limited literature available on the group 6 
SDIMOs. However, it is likely that at least some HGT has oc-
curred in this lineage between closely related genera. For ex-
ample, the uncharacterized group 6 SDIMOs in Mycobacterium 
gadium IBE100, Mycobacterium paragordonae IBE200 and 
Mycobacterium sp. ELW1 appear to have been recently 
shared among these species by mobile elements such as plas-
mid pELW1-1 (Helbich et  al.  2023). The group 6 SDIMO of 
Mycobacterium chubuense NBB4 is plasmid-encoded (NCBI 
Reference Sequence: NC_018022.1), as is the group 6 SDIMO 
from Mycobacterium dioxanotrophicus PH-06 (Deng, Li, and 
Li 2018). The latter is known to be located between two inser-
tion sequences, which is a significant finding, since it provides 
a mechanism for the SDIMO genes to move between different 
replicons.

7   |   Conclusions

This review presents a comprehensive and updated phylogenetic 
analysis of the SDIMOs and supports their division into seven 
groups based on the sequence identity of the catalytic alpha 
subunit. We have examined in detail the relationship between 
enzymes, bacterial hosts and substrates and attempted to find 
robust links between these where possible. It is also important 
to acknowledge that these relationships are in a state of constant 
flux due to forces such as HGT. We have given an overview of 
the issue of HGT as it applies to SDIMOs and shown via phyloge-
netic analyses that HGT is common for SDIMO genes, although 
the patterns of HGT differ among different SDIMO groups. 
We have discussed heterologous expression as a key tool for 
understanding the functions and significance of SDIMOs. We 
believe that this is still the best approach for investigating the 
substrate range of these enzymes, since it separates them from 
the genome of the original host (which may contain multiple 
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MOs) and allows access to enzymes from genomes and metage-
nomes in the absence of information about growth substrates or 
inducers. However, we must also acknowledge the importance 
of native expression systems and their role in our understand-
ing of the basic assembly of SDIMO subunits and cofactors that 
are required by the SDIMO in the context that is physiologically 
relevant. Heterologous expression and native expression studies 
should therefore be utilised in tandem to maximise our under-
standing of SDIMOs where possible. We have highlighted some 
recent examples of SDIMOs used for pollutant biodegradation 
and provided a comprehensive list of these biodegradative ac-
tivities in the Table S2. In the cases of both chlorinated ethenes 
and cyclic ethers, SDIMO-containing bacteria are still the lead 
candidates for bioremediation efforts under aerobic conditions.

Several large knowledge gaps in the SDIMO literature have be-
come apparent as a result of compiling this review, leading us to 
propose several priority research areas. Perhaps most urgent is 
the need to experimentally characterise representatives of the 
deep-branching and thus-far-uncharacterised SDIMO lineages 
found in genomes and metagenomes (e.g., subgroups 1A, 4A, 
5C, 6A). These enzymes may have significant environmental 
impacts and/or useful biotechnology applications. Advances in 
high-throughput synthetic biology methods may facilitate this 
work (Casas, Bultelle, and Kitney 2024), by allowing the rapid 
construction and screening of large numbers of recombinant 
clones. These possibilities depend to some extent on closing 
the second major knowledge gap, which is to understand why 
heterologous expression of some SDIMOs is so difficult, and to 
pinpoint the factors in the wild-type hosts that enable high-level 
expression of functional SDIMO enzymes. The last knowledge 
gap worth mentioning is the ongoing lack of good genetic tools 
and methods for making knockouts and other modifications in 
environmental bacteria. We are hopeful that recent advances 
in CRISPR (Burbano et al. 2024) and similar technologies com-
bined with the increased availability and affordability of DNA 
synthesis will yield breakthroughs on this front.
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