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ABSTRACT The families of copper-containing membrane-bound monooxygenases
(CuMMOs) and soluble di-iron monooxygenases (SDIMOs) are involved not only in
methane oxidation but also in short-chain alkane oxidation. Here, we describe
Rhodococcus sp. strain ZPP, a bacterium able to grow with ethane or propane as the
sole carbon and energy source, and report on the horizontal gene transfer (HGT) of
actinobacterial hydrocarbon monooxygenases (HMOs) of the CuMMO family and the
sMMO (soluble methane monooxygenase)-like SDIMO in the genus Rhodococcus. The
key function of HMO in strain ZPP for propane oxidation was verified by allylthiourea
inhibition. The HMO genes (designated hmoCAB) and those encoding sMMO-like
SDIMO (designated smoXYB1C1Z) are located on a linear megaplasmid (pRZP1) of
strain ZPP. Comparative genomic analysis of similar plasmids indicated the mobility
of these plasmids within the genus Rhodococcus. The plasmid pRZP1 in strain ZPP
could be conjugatively transferred to a recipient Rhodococcus erythropolis strain in a
mating experiment and showed similar ethane- and propane-consuming activities.
Finally, our findings demonstrate that the horizontal transfer of plasmid-based
CuMMO and SDIMO genes confers the ability to use ethane and propane on the
recipient.

IMPORTANCE CuMMOs and SDIMOs initiate the aerobic oxidation of alkanes in bacte-
ria. Here, the supposition that horizontally transferred plasmid-based CuMMO and
SDIMO genes confer on the recipient similar abilities to use ethane and propane was
proposed and confirmed in Rhodococcus. This study is a living example of HGT of
CuMMOs and SDIMOs and outlines the plasmid-borne properties responsible for gas-
eous alkane degradation. Our results indicate that plasmids can support the rapid
evolution of enzyme-mediated biogeochemical processes.

KEYWORDS CuMMO, SDIMO, Rhodococcus, horizontal gene transfer, ethane oxidation,
propane oxidation, plasmid

The superfamily of copper-containing membrane-bound monooxygenases
(CuMMOs), including ammonia monooxygenases (AMOs), particulate methane

monooxygenases (pMMOs), and hydrocarbon monooxygenases (HMOs), plays a key
role in biogeochemical cycles (1). Aerobic ammonia oxidizers possess AMOs, and aero-
bic methanotrophs possess pMMOs; these enzymes catalyze the first steps in the oxi-
dation of ammonia and methane, respectively (1–6). HMOs, novel members of the
CuMMOs, provide bacteria with the capacity to grow on short-chain hydrocarbons
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such as ethane, propane, and ethene as their carbon and energy source (7, 8). HMOs
have been found in Proteobacteria (9, 10) and Actinobacteria (7, 8, 11–13). For example,
in marine ecosystems, novel short-chain alkane-oxidizing proteobacterial Cycloclasticus
symbionts and ethylene-assimilating proteobacterial Haliea species have been
described (9, 14). Within the phylum Actinobacteria, a few strains from the order
Corynebacteriales have been isolated. Mycolicibacterium (originally classified as
Mycobacterium) chubuense NBB4 was isolated by enrichment on ethene as the sole car-
bon source and could use a broad spectrum of hydrocarbons (C2 to C16 alkanes and C2

to C4 alkenes but not methane) as the substrates (7, 8). Moreover, short-chain alkane
oxidation by HMOs in M. chubuense NBB4, Nocardioides sp. strain CF8, and
Mycolicibacterium sp. strain JOB5 was inhibited by acetylene and allylthiourea (ATU),
also described as typical inhibitors of AMO and pMMO enzymes (15, 16). In addition,
soluble di-iron monooxygenases (SDIMOs) are also involved in the oxidation of meth-
ane, short-chain alkanes, alkenes, and cyclic, aromatic, and chlorinated hydrocarbons
in Actinobacteria and aromatic hydrocarbons and methane in Proteobacteria (12,
17–20). Phylogenies of SDIMO alpha subunit genes have revealed a high diversity of
SDIMOs, and these can be classified into six subgroups. The soluble methane monoox-
ygenase (sMMO) (group 3 SDIMO), which is considered an alternative methane
monooxygenase (the heterologous pMMO), is apparently an important enzyme for
several methanotroph genera within the Alpha- and Gammaproteobacteria (21).
Proteobacterial methanotrophic Methylocella species were shown to possess SDIMOs
for propane oxidation (19, 22). M. chubuense NBB4 and M. rhodesiae NBB3 also have
several types of SDIMOs (21) and sMMO-like SDIMOs, encoded by smoXYB1C1Z, that
are known to participate in the oxidation of short-chain alkanes (8, 12, 19, 23). Few
studies exist on CuMMOs and SDIMOs in Actinobacteria compared to those on
pMMOs/AMOs and sMMOs (9).

Aerobic methane- or ammonia-oxidizing bacteria are limited to a few clusters of
microbes, and phylogenies of PmoA/AmoA match closely with 16S rRNA gene- and ge-
nome-based phylogenies of the corresponding microbes (1, 3, 24–29). Therefore, tar-
geted primers for pmoA-amoA genes and operational taxonomic unit-based sequence
analysis methods have been used to analyze communities of aerobic methanotrophs
and ammonia oxidizers, including the complete ammonia-oxidizing (comammox)
Nitrospira species (30–32). However, the evolutionary history of CuMMOs shows hori-
zontal gene transfer (HGT) events (1, 28). Phylogenetic and compositional analyses
revealed that the adaptation of this enzyme to preferentially oxidize either ammonia
or methane has occurred more than once (1). Methane-inactive CuMMOs and bacterial
multicomponent monooxygenase genes were also found to be associated with ances-
tral Actinomycetales. Subsequently, the development of methane oxidation capability
in both the particulate and soluble enzyme systems was transferred out of these clades
(28). HGT produces extremely dynamic genomes and changes the ecological character
of bacterial species (33, 34). It contributes to the spread of genes involved in pathoge-
nesis, heavy metal tolerance, and antibiotic resistance (35, 36). Genomic information
has been widely used to identify cases of HGT. The genes in one genome often share
the same base compositions, patterns of codon usage, and frequencies of di- and trinu-
cleotides, but these characteristics vary between different microbes. Therefore, HGT
events retain the sequence characteristics of the donor genome, deviating from the re-
cipient genome (33). Conflicting branching patterns occur between the gene derived
from HGT and the reference phylogenetic trees of conserved core genes (34). DNA seg-
ments gained through HGT often display a restricted phylogenetic distribution among
related strains or species (33). Most cases of actual HGT events are rarely observed.
Therefore, artificial recombinant expression is widely used to obtain the target function
using HGT, and CuMMO and SDIMO genes have been used to obtain recombinant
expression in Escherichia coli and M. smegmatis (8, 12, 37, 38).

In this study, we report the discovery of HMO and sMMO-like SDIMO genes in
Rhodococcus sp. strain ZPP. These genes are located on a megaplasmid. To provide
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evidence supporting the occurrence of HGT, we performed a mating experiment in
which the megaplasmid was transferred to the recipient bacterium Rhodococcus
erythropolis.

RESULTS
Physiology of Rhodococcus sp. ZPP on ethane and propane. Strain ZPP was iso-

lated after enrichment with ethane as the sole carbon and energy source, using the
floating-filter method to prevent the organic compounds in the agar, rather than the
ethane, from being used as the carbon and energy source, and purified on 2-fold-
diluted R2A agar plates. Next, 10-fold-diluted washed cells of strain ZPP (optical density
at 600 nm [OD600] of ;0.1) were cultured in the ;1% (vol/vol) gas phase of ethane or
propane, and the consumption of these substrates was confirmed (Fig. 1). To observe
the growth rate, 1,000-fold-diluted washed cells (OD600 of ;0.001) were cultured, and
the doubling times of strain ZPP were determined to be 16.66 2.0 h for ethane and
11.56 0.3 h for propane by shaking (Fig. 2). Methane was not consumed by strain ZPP
(see Table S1 in the supplemental material). When the inhibitor ATU was applied, eth-
ane oxidation was partially inhibited, and propane oxidation was nearly completely
inhibited (Fig. 2).

Genome anatomy of strain ZPP and detection of linear plasmids. Combining
Illumina short reads with PacBio RSII and MinION long reads, we completed the entire
genome of strain ZPP, which is composed of 8.47 Mbp arranged in six linear or circular
replicons: one circular chromosome (6.78 Mbp); three linear plasmids, pRZP1 (0.25
Mbp), pRZP2 (0.93 Mbp), and pRZP3 (0.26 Mbp); and two circular plasmids, pRZP4 (0.14
Mbp) and pRZP5 (0.11 Mbp) (Fig. S1).

Genomic BLAST showed that the chromosome of strain ZPP was highly similar to that
of Rhodococcus sp. strain S2-17 (GenBank accession no. CP021354) and Rhodococcus sp.
strain WAY2 (GenBank accession no. CP046572), and the ANIb (BLAST-based average nu-
cleotide identity) among these three strains was up to 97%. The phylogenetic tree
showed that they belong to Rhodococcus clade C (Fig. S2). Interestingly, homologous
regions (about 100 kb) of the plasmid pRZP1 were also found in plasmids of seven other
strains, and they belonged to Rhodococcus clades C and D as indicated by plasmid
BLAST (39) (Fig. S2 and Fig. S3A). These 100-kb homologous regions were located on the
edges of the plasmids (Fig. S3A), but the genes encoding HmoCAB and SmoXYB1C1Z
were not present in this 100-kb homologous region. Although this region has not been

FIG 1 Ethane (A) and propane (B) consumption over time by the donor strain Rhodococcus sp. ZPP, the transconjugant strain R.
erythropolis ATCC 25544(pRZP1), the defective mutant ZPP(DsmoXYB1C1Z-hmoCAB), the recipient strain R. erythropolis ATCC 25544,
and the blank control that had no cells added to the medium. For all substrates, data are the averages from three independent
experiments, and error bars in either direction indicate the standard deviations. For this experiment, 10-fold-diluted washed cells
(OD600 of ;0.1) were used.
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well investigated and annotated, a transfer clostridial plasmid locus, including tcpC
(HYG77_35655), was found in this region (40–42) (Fig. S3A), and we designed a primer
pair in tcpC to investigate this plasmid.

On the basis of previous research (43, 44), the first 300 bp of the telomeres from
these plasmids, as shown in Fig. S3A, and other similar telomeres were added to con-
struct a phylogenetic tree of telomeres to verify the linear plasmids and their clades
(43) (Fig. S4). The telomeres of these linear replicons are typical actinobacterial inver-
trons, similar to those in Rhodococcus jostii RHA1 (43), and the identity between
pRZP1L (300 bp on the left edge of pRZP1) and pRHL2L (R. jostii RHA1) was up to 92%.
Generally, these telomeres can be divided into two clades, pRZP1L-like and others,
which suggests different origins of the pRZP1L-like clade (Fig. S4). All seven homolo-
gous plasmids in Fig. S3A belong to the pRZP1L-like clade (although the plasmid
pRB29 in Rhodococcus sp. S2-17 was not added as the structure of this plasmid has not
been elucidated; it should still be considered a pRZP1L-like plasmid for homologous
regions). The linearity of the megaplasmids pRZP2 and pRZP3 was also confirmed by
the presence of telomeres (Fig. S4); however, they grouped separately from pRZP1L.
PacBio and Nanopore data were also assembled individually to complete the circular
replicons of strain ZPP.

To investigate the evolution of ZPP plasmids, phylogenetic analysis of ParA (parti-
tion replicons during cell division) proteins was performed (43). As shown in Fig. S5,
ParAs of the same genomes were not in one clade. However, eight plasmids in Fig. S3A
were clustered into one set of ParAs, with their telomeric sequences being highly simi-
lar (Fig. S4).

ISfinder (45) (http://www-is.biotoul.fr) was used to annotate insertion sequence (IS)
elements (Table S2 and Fig. S3B). In the homologous regions of plasmids, different
types of IS elements were identified. For example, ISRjo4 (family IS256, positions 65651
to 67093), ISRjo4 (family IS256, positions 68606 to 70048), and ISRjo1 (family IS1380,
positions 98851 to 100534) were identified in pRZP1. Correspondingly, pRB29 of
Rhodococcus sp. S2-17 was found to contain ISRop2 (family ISAzo13) and IS1164 (family
IS256).

The clusters of hydrocarbon oxidation genes are located on a plasmid. The
newly discovered hmoCAB (HYG77_36340, HYG77_36345, and HYG77_36350) and
smoXYB1C1Z (HYG77_36175, HYG77_36180, HYG77_36185, HYG77_36190, and HYG77_36195)
genes (12) were found on plasmid pRZP1. A phylogenetic tree of CuMMO subunit A was con-
structed. The HmoA proteins of Rhodococcus species were in a deep-branching position,

FIG 2 Allylthiourea (ATU) sensitivity of Rhodococcus sp. ZPP for growth on ethane and propane
(OD600). For all substrates, data are the averages from three independent experiments, and upper
error bars indicate the standard deviations. Lower error bars are not shown in order to avoid
overlapping error bars. For these experiments, 1,000-fold-diluted washed cells were used. Gases were
replaced after approximately 2 days to maintain sufficient gas concentrations for exponential growth.
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together with the actinobacterial CuMMO homologs from Mycolicibacterium and Nocardioides
species (Fig. 3). The HmoA protein of Rhodococcus sp. WAY2 was identified to be the most
similar to the strain ZPP protein. Interestingly, the gene encoding this protein is located on
pRWAY02 rather than on pRWAY03. The latter has a homologous region and telomeres in
common with pRZP1 (Fig. S3A).

Both Rhodococcus and Mycolicibacterium species have several types of SDIMOs
(Fig. S6) (21). Group 3 (sMMO)-like, group 6, and group 5 SDIMOs were found in ZPP and
were distributed over plasmids pRZP1 and pRZP3 and the chromosome, respectively.
The distances between the positions of hmoCAB and smoXYB1C1Z genes are short on
pRZP1 of ZPP, pRWAY02 of Rhodococcus sp. WAY2, pMYCCH.01 of M. chubuense NBB4,
and the chromosome of M. rhodesiae NBB3 (Fig. S3B) (8, 12, 23).

The plasmid pRZP1 contains genes encoding the full pathway for the oxidation of
ethane or propane to carbon dioxide, and these genes are actively transcribed in cells
growing on propane. The genes encode an alcohol dehydrogenase (adh), an N,N9-
dimethyl-4-nitrosoaniline (NDMA)-dependent methanol dehydrogenase (mdh), alde-
hyde dehydrogenases (aldh), and an acetate-CoA ligase (Fig. 4). Although the NDMA-
dependent methanol dehydrogenase is encoded close to the hmoCAB cluster, no
methanol-related function was identified (Fig. 4; Table S1). Phylogenetically, all these
genes are most similar to those in other Rhodococcus species, which is different for
hmoCAB and smoXYB1C1Z.

Mating experiment. The conjugative transfer of pRZP1 from the wild-type donor
strain ZPP to different bacterial strains was investigated, and the transconjugant R.
erythropolis ATCC 25544(pRZP1) was obtained from an ampicillin resistance nitrate
mineral salts (NMS) plate. The genomic comparison of pRZP1, R. erythropolis ATCC
25544, and R. erythropolis ATCC 25544(pRZP1) directly confirmed the transfer of pRZP1

FIG 3 Phylogenetic tree of copper-containing membrane-bound monooxygenase (CuMMO) subunit A (A) and 92 core metabolic genes (B). CuMMO
subunit A proteins were aligned using Muscle with default parameters, 300 bootstraps, 95% partial deletion, and archaeal AmoA (ammonia
monooxygenase subunit A) as an outgroup. The nucleotide sequences of single-copy core genes were identified and aligned using the UBCG pipeline (70)
and 100 bootstraps with 90% partial deletion. The maximum likelihood (ML) tree was constructed using MEGA X. Nodes whose bootstraps are $60 are
marked. Two clades of Cycloclasticus sp. specimen D, Cycloclasticus sp. specimen P, Cycloclasticus sp. specimen E, and Cycloclasticus sp. specimen B in panel
A are based on data from a previous study (9).
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(Fig. S7). The mating experiments with Rhodococcus rhodochrous ATCC 13808, R. kore-
ensis DSM 44498, Pseudomonas aeruginosa CGMCC 1.1129, R. opacus DSM 43250,
Rhodococcus sp. S2-17, and M. smegmatis MC2-155 were not successful.

The plasmid stability of the wild-type donor and the transconjugant without gases
was determined with the content change of plasmid tcpC and hmoA genes compared
with the 16S rRNA gene during serial daily subcultures with R2A liquid medium. The
results showed that pRZP1 in strain ZPP is much more stable than that in the transconju-
gant without gases (Fig. S8). After two parallel cultivations with daily subcultures, dilu-
tion plate spreading was performed, and 32 single colonies from each culture were
selected to verify plasmid loss using the same primers. After 12-day subcultures of strain
ZPP, only 1 of 64 colonies lost the plasmid pRZP1. On the contrary, after 6-day subcul-
tures, only 2 colonies of 64 colonies of the transconjugant still had plasmid pRZP1, and 1
of the 2 colonies lost the gene encoding HMO. During the subcultivation of strain ZPP in
R2A medium without selection pressure, we also isolated a strain that lost ethane and
propane oxidation activity, and the genome sequence of this strain shows that this strain
has plasmid pRZP1 but lost its functional region (including hmoCAB and smoXYB1C1Z),
so we named this strain ZPP(DsmoXYB1C1Z-hmoCAB) (Fig. S9).

The consumption of ethane or propane was verified with strain ZPP, strain ZPP
(DsmoXYB1C1Z-hmoCAB), R. erythropolis ATCC 25544(pRZP1), and R. erythropolis ATCC
25544 using 10-fold-diluted washed cells (OD600 of ;0.1) (Fig. 1). Both the wild-type
donor and the transconjugant completely consumed ethane more quickly (6 days)
than propane (16 days), and the activities of both strains were equal (t test) for ethane
(0.23%6 0.03% and 0.23%6 0.03% [vol/vol] gas phase per day) or propane
(0.09%6 0.02% and 0.12%6 0.03% [vol/vol] gas phase per day) (Fig. 1). R. erythropolis
ATCC 25544 had no plasmid pRZP1 (Fig. S7), and strain ZPP(DsmoXYB1C1Z-hmoCAB)
had a partial plasmid of pRZP1 (Fig. S9). The gas consumption of ethane and propane
gases by these two negative strains remained undetectable (Fig. 1). Only ZPP and ZPP
(DsmoXYB1C1Z-hmoCAB) exhibited 2-propanol utilization activity (Table S1).

TPM (transcripts per kilobase per million) values from transcriptome analyses were
used to compare the expression levels of the plasmid-borne genes between the two
strains. We demonstrated that the trends between the two strains were similar (Fig. 4),
with high TPM values for the alkane oxidation pathway-related genes and low TPM val-
ues for IS element-related genes.

Strain ZPP also encodes several other types of monooxygenases such as SDIMOs
(Fig. S6), AlkB-like monooxygenases, and cytochrome P450s to oxidize alkanes to alco-
hols, following a series of oxidation steps to acids (46). Previous researchers have

FIG 4 Cluster of alkane oxidation genes on the plasmid pRZP1 and its transcriptome using propane as the substrate. Log10-transformed TPM values of the
transcriptomes of ZPP and ATCC 25544(pRZP1) are plotted, and the expression levels of housekeeping genes (means of gyrB and recA) are marked as the
baselines. The smoXYB1C1Z genes are marked in yellow, and the hmoCAB genes are marked in orange. The alcohol dehydrogenase genes (adh) are marked
in light pink, the NDMA-dependent methanol dehydrogenase genes (mdh) are marked in purple, the aldehyde dehydrogenase (aldh) genes are marked in
pink, the acetate-CoA ligase gene is marked in black, and the mobile elements (including IS elements, transposases, and phages) are marked in blue.

Zou et al. Applied and Environmental Microbiology

July 2021 Volume 87 Issue 14 e00227-21 aem.asm.org 6

https://aem.asm.org


identified that these monooxygenases tend to oxidize $4-carbon-atom-containing
long-chain alkanes and alkenes. R. erythropolis ATCC 25544 also has AlkB-like monooxy-
genases, but without pRZP1 plasmids, cells could not oxidize ethane and propane. In
addition, no high expression levels of these genes were observed in the transcriptome
of propane-grown cells (Table S3), indicating that these genes may be not involved in
the oxidation of short-chain alkanes.

DISCUSSION

In this study, we described the isolation and genomic characterization of a
Rhodococcus strain, ZPP. This bacterium is able to utilize ethane and propane as the
sole carbon and energy source. Genome sequencing and assembly revealed the pres-
ence of a 6.78-Mbp circular genome together with three linear and two circular mega-
plasmids. Most genomes of Rhodococcus species are large (5 to 10 Mbp), with various
sizes and numbers of large catabolic plasmids (39). These plasmids are frequently
transferred by conjugation in the genus Rhodococcus (47–49). Due to repeat regions
and the presence of linear plasmids, it is challenging to discriminate plasmids unam-
biguously from contigs after assembly. To address this, we used PacBio and Nanopore
sequencing to solve the problem of assembly and Illumina sequencing for error correc-
tion to polish the assembly.

Among the plasmids in strain ZPP, pRZP1 was shown to contain operons encoding
both copper-dependent (CuMMO) and iron-dependent (SDIMO) monooxygenases in
combination with genes encoding alcohol and aldehyde dehydrogenases. The plasmid
stability experiment showed that the pRZP1 plasmid was stable in strain ZPP (see Fig.
S8 in the supplemental material). Although this plasmid was unstable in the transcon-
jugant without a gas supply, the transconjugant can grow on ethane and propane,
demonstrating the activity of plasmid pRZP1 and its response to gases. The gas con-
sumption also indicated that pRZP1 had similar activities in both strains (Fig. 1).
Transcriptome analyses of strain ZPP and the transconjugant growing on propane
showed that genes in both operons on the plasmid pRZP1 were highly expressed, sup-
porting their metabolic function in propane oxidation (Fig. 4). The deletion of the
CuMMO- and SDIMO-encoding parts of the plasmid pRZP1 (DsmoXYB1C1Z-hmoCAB)
resulted in a loss of the capacity to grow on ethane and propane (Fig. 1 and 2).

The roles of hmoCAB and smoXYB1C1Z also differed, as became clear from growth
experiments. Strain ZPP with propane as the substrate was almost completely inhibited
by ATU, a typical inhibitor of CuMMO (15, 16, 50, 51), indicating that this HMO is the
key enzyme in propane oxidation. The growth of strain ZPP with ethane oxidation was
partially inhibited by ATU (Fig. 1 and 2), which may indicate a role for the sMMO-like
proteins (smoXYB1C1Z) encoded on plasmid pRZP1. Heterologous expression experi-
ments on M. chubuense NBB4 indicated that the activities of group 3-like SDIMOs on
ethene and ethane were higher than those on propane and butane (8, 12). The proteo-
bacterial methanotroph Methylocella silvestris uses methane or propane as a carbon
and energy source and contains methane- and propane-specific SDIMOs (19). In future
experiments, mutagenesis or recombination of hmoCAB and smoXYB1C1Z would allow
the identification of the relative contributions of each enzyme to the metabolism of
ethane and propane. The mating experiment showed that the plasmid used in this
study has greater potential than the previously used vector pMycoFos (8). The prod-
ucts of ethane and propane oxidation are ethanol and 1-propanol or 2-propanol. Since
strains ZPP and ZPP(DsmoXYB1C1Z-hmoCAB) exhibited 2-propanol utilization activity,
and the transconjugant is capable of using ethanol and 1-propanol but not 2-propanol
as a carbon and energy source, alcohol and aldehyde dehydrogenases harbored by the
plasmid pRZP1 may not catalyze 2-propanol oxidation.

Phylogenetic analysis of CuMMO subunit A (Fig. 3) showed that the CuMMO of
strain ZPP belongs to a clade of HMO encoded by the genes hmoCAB and related to
those of short-chain alkane-degrading Mycolicibacterium (8) and Nocardioides (16) spe-
cies. These enzymes are thought to have a high affinity for short-chain alkanes (9, 52)
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and are genetically and phylogenetically distinct from the pMMO genes of methane-
oxidizing microbes (7). The group 3-like SDIMO encoded on plasmid pRZP1 differs
from the typical group 3 SDIMO (sMMO), mainly existing on chromosomes (Fig. S6) of
several methanotroph genera within the Alpha- and Gammaproteobacteria. The phy-
logeny of sMMOs is coherent with that of the 16S rRNA genes (43, 53); however, other
studies indicated that the sMMOs may also have been obtained through several HGT
events (17, 18, 28, 54).

Previous compositional analyses of CuMMO operons indicated recent lateral trans-
fer of these operons (1, 33). The evolutionary history of CuMMOs demonstrated that
HGT events of these genes, especially AMO/pMMO-encoding genes, do not happen
frequently (1, 18, 28). Different from this observation, the phylogeny of HmoAs showed
a higher frequency of HGT, not following the phylogeny of the housekeeping genes
(Fig. 3).

The comparative genomic analysis of plasmids indicates the wide distribution of
pRZP1L-like plasmids in Rhodococcus, but neither the hmoCAB nor smoXYB1C1Z genes
were found in these plasmids (Fig. S3A), indicating the mobility of the pRZP1L-like plas-
mids. Therefore, representative strains of Rhodococcus clade B (R. rhodochrous ATCC
13808), clade C (R. koreensis DSM 44498 and Rhodococcus sp. S2-17), and clade D (R.
erythropolis ATCC 25544) were collected for a mating experiment (39). Our conjugation
experiments with plasmid pRZP1 resulted in a transconjugant of R. erythropolis ATCC
25544(pRZP1). The transconjugant became capable of utilizing ethane and propane.
Conjugative transfer of pRZP1 to several other strains of the genus Rhodococcus failed,
possibly due to plasmid incompatibility (55) (R. koreensis DSM 44498 and Rhodococcus
sp. S2-17 containing the pRZP1L-like plasmid) or the presence of capsules (for R. rho-
dochrous ATCC 13808) (56). We used Pseudomonas aeruginosa CGMCC 1.1129 for the
mating experiment because it has been successfully used as a recipient in a mating
experiment with Rhodococcus sp. strain p52 (8, 12, 48, 49). However, the result showed
that conjugative transfer between different genera remained difficult. Our conjugation
experiments of strain ZPP with M. smegmatis MC2-155 failed, but the heterologous
expression of hmoCAB genes in M. smegmatis MC2-155 was previously reported (8, 12,
48, 49).

It becomes clear that the megaplasmid pRZP1 is a key mobile element of ethane
and propane oxidation. Seven pRZP1L-like plasmids could be identified from the com-
plete genomes of Rhodococcus species, and these plasmids grouped in the phyloge-
netic tree of the typical plasmid protein ParA (Fig. S5), which is involved in the parti-
tioning of replicons during cell division (43). The plasmid-encoded ParA proteins do
not always obey organismal phylogeny, indicating the horizontal mobility of plasmids
(43). Usually, linear plasmids have more flexibility than circular plasmids. Telomeres are
important structures of these linear replicons, and frequent recombination aids in their
adaptation to different environments (57). Telomeres of these eight plasmids except
the one of Rhodococcus sp. S2-17 are typical actinobacterial invertrons, indicating their
linearity and common origin (43). The IS elements and transposase genes were found
to be widely distributed on pRZP1L-like plasmids (Fig. 4; Table S2), indicating their
active exchanges together with the loss and gain of genes. The specific distance
between hmoCAB and smoXYB1C1Z on pRZP1 indicates their relationship in function,
but they are more likely not in a single operon as there are IS elements that had low
expression levels (58–60) (Fig. 4).

Although strain ZPP, Rhodococcus sp. S2-17, and Rhodococcus sp. WAY2 belong to
the same species according to the ANIb values, the differences in their plasmids can
lead to a high degree of niche partitioning on carbon sources (61). The cluster of
alkane oxidation in pRZP1 makes strain ZPP different from Rhodococcus sp. S2-17, even
though these two plasmids possess homologous genes in other regions (Fig. S3A).
Interestingly, a similar alkane oxidation cluster was also detected in Rhodococcus sp.
WAY2 (Fig. S3B). In addition, the actinobacterial hmoCAB genes have already been
found in other types of plasmids in M. chubuense NBB4 and M. dioxanotrophicus PH-06
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(7, 8, 11). These results indicate that HGT events of HMO genes may occur widely in
Actinobacteria through plasmid-based recombination. Actinobacterial strains often
have many types of catabolic genes, which can be lost in the absence of selection pres-
sure (46). However, short-chain alkanes became the sole carbon and energy source in
an HMO-based Cycloclasticus (Gammaproteobacteria) symbiosis (9), indicating the
potential stable inheritance of HMO genes.

In conclusion, we have demonstrated the growth of the newly isolated Rhodococcus
sp. ZPP on ethane and propane and demonstrated this to be dependent on the pres-
ence of HMO genes and sMMO-like genes on a plasmid. We showed the potential of
HGT in Rhodococcus species. The phenomena observed in this study are living examples
of HGT of CuMMOs and SDIMOs. Although HGT often displays a restricted phylogenetic
distribution among related strains or species, more clades of CuMMOs and SDIMOs and
HGT events of related genes may be discovered in the future, as these important sub-
strates are globally distributed, and the diversity of CuMMOs and SDIMOs in different
strains will keep increasing (10). Hydrocarbons are more widely used as carbon and
energy sources in the environment than they were previously estimated to be, and HGT
may play an important role in the diversity and richness of short-chain alkane degrada-
tion-positive microorganisms.

MATERIALS ANDMETHODS
Bacterial strains, medium, and culture conditions. R. erythropolis ATCC 25544 (American Type

Culture Collection) (NBRC 15567 [Biological Resource Center, NITE] [CGMCC 1.2362]), R. rhodochrous
ATCC 13808 (CGMCC 4.1147), R. koreensis DSM 44498 (Deutsche Sammlung von Mikroorganismen
[German Collection of Microorganisms]) (CGMCC 4.1724), and Pseudomonas aeruginosa CGMCC 1.1129
were purchased from the China General Microbiological Culture Collection Center (CGMCC). R. opacus
DSM 43250 (ACCC 41021) was purchased from the Agricultural Culture Collection of China (ACCC).
Rhodococcus sp. S2-17 was donated by CheOk Jeon from Chung-Ang University, South Korea, and
M. smegmatis MC2-155 was stored in our laboratory. Rhodococcus sp. ZPP was isolated using the float-
ing-filter method (62) from soils that were enriched with 5% ethane. The supernatant of the enriched
soil was transferred to and filtered on a sterile polycarbonate membrane filter (0.2mm; Millipore, MA),
and the filter was floated on NMS liquid medium (63) in a plate that was carefully placed in a 2.5-liter
sealed jar filled with a 1% (vol/vol) gas phase of ethane. After 3 weeks of incubation, the lawn on the fil-
ter was streaked onto a new filter and floated on NMS liquid medium as described above. After 3 weeks,
single colonies from the surface of the filter were transported in NMS liquid medium in a sealed serum
bottle and incubated with a 1% (vol/vol) gas phase of ethane for 3 weeks to confirm ethane-oxidizing
activity. Pure cultures were isolated from 2-fold-diluted R2A agar (Hopebio Technology, Qingdao, China)
with a dilution method. All cultures were grown aerobically at 28°C. Twofold-diluted R2A medium was
used to scale up the culture. Cells were harvested and washed with normal saline, and washed cells
(OD600 of ;1.0) were used as the stock. NMS medium was used to verify the growth of strains and activ-
ity on different substrates (ethane, propane, methane, methanol, ethanol, 1-propanol, and 2-propanol).
An ;1 to 2% (vol/vol) gas phase was added to the headspace of 125-ml sealed serum bottles with 25ml
NMS medium for oxidation and growth assays. As the plasmid pRZP1 in the transconjugant of R. eryth-
ropolis ATCC 25544 was not stable in R2A medium, both the donor and the transconjugant were cul-
tured by adding an ;5% (vol/vol) gas phase to the headspace of 125-ml sealed serum bottles with
25ml NMS medium to grow cells for the transconjugant-related experiments. Cells were also harvested
and washed with normal saline, and washed cells (OD600 of;1.0) were also used as the stock.

Analytical techniques. To analyze the ethane- or propane-oxidizing activities, NMS medium (25ml)
with 10-fold-diluted washed cells (final OD600 of ;0.1) was added to a 125-ml sealed serum bottle.
Ethane or propane was added to the headspace (;1% [vol/vol] gas phase). The contents of ethane and
propane in the headspace of serum bottles were analyzed by gas chromatography (GC2020; Ximo,
Shanghai, China) with nitrogen as the carrier gas and flame ionization detection. Quantification was per-
formed using a five-point standard curve with different concentrations of calibration gases (Air Liquide,
Shanghai, China). To analyze the doubling time and the inhibitory effect of ATU on ethane or propane
oxidation, ethane or propane was added to the headspace (;2% [vol/vol] gas phase), 1,000-fold-diluted
washed cells as described above were incubated with or without ATU (0.1mM) in the cultivation me-
dium with shaking at 150 rpm, the change in the OD600 was monitored, and all gases were replaced after
2 days. Growth on 0.1% (vol/vol) methanol, ethanol, 1-propanol, and 2-propanol was measured by using
1,000-fold-diluted washed cells as described above and monitoring the change in the OD600. Growth on
methane was examined by using 1,000-fold-diluted washed cells as described above and monitoring
the change in the methane concentration.

Genome sequencing and analysis of plasmids. DNA was extracted using a DNeasy PowerSoil kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The genome of strain ZPP was
sequenced using the Illumina HiSeq PE150 platform (Illumina, San Diego, CA) combined with PacBio RSII
sequencing (Pacific Biosciences, Menlo Park, CA) and the MinION sequencing platforms (Oxford
Nanopore Technologies, Oxford, UK). De novo assembly was performed using HGAP 7.0.1.66975 and
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Canu 1.8 with default parameters (53, 64). The genome sequence was then polished using Pilon 1.23
with default parameters (65). The NCBI (National Center for Biotechnology Information) Prokaryotic
Genome Annotation Pipeline was used for annotation (66). Other genomes were sequenced using the
Illumina HiSeq PE150 platform, and de novo assembly was conducted using SPAdes 3.12.0 with default
parameters (53). Homologs of the plasmid pRZP1 were investigated using genomic BLASTn with ge-
nome sequences of plasmids downloaded from the NCBI database. Plasmids with homologs were then
compared and visualized using Mauve (67).

Phylogenetic constructions and compositional analysis of HGT. Maximum likelihood (ML) phy-
logenies were constructed based on related derived gene or protein sequences. The derived nucleotides
were aligned using ClustalW, and the derived amino acids were aligned using Muscle in MEGA X (68).
MEGA X or RAxML version 8 was used for ML phylogenetic tree construction (69). The nucleotide
sequences of single-copy core genes were identified and aligned using the UBCG pipeline (70). ISfinder
(45) (http://www-is.biotoul.fr) was used to annotate IS (insertion sequence) elements.

Mating experiment. Before the mating experiment, the spread plate method with antibiotic gradi-
ent plates (up to 20 to 50mg/ml) was used to detect natural resistance to antibiotics (kanamycin, strep-
tomycin, erythromycin, tetracycline, and ampicillin). The determined concentration of selected antibiot-
ics was confirmed using the corresponding liquid medium. Ampicillin (final concentration, 10mg/ml)
was used to select the transconjugant, as the donor strain ZPP was the nonresistant strain. In contrast,
recipient cells were resistant to ampicillin.

In order to achieve conjugation, the donor strain ZPP and each recipient strain were cultivated at 28°C
with shaking at 150 rpm for 48 h. Next, donor cells (1ml) and an equivalent volume of recipient cells were
added to 40ml of 2-fold-diluted R2A liquid medium in Erlenmeyer flasks and mixed briefly. The Erlenmeyer
flasks were allowed to stand for 24 h at 28°C. Next, 0.01ml of the mixed cell cultures was spread on ampicil-
lin (final concentration, 10mg/ml)-selective NMS plates and cultured in a sealed jar with a 5% (vol/vol) gas
phase of propane in the headspace. Seven days later, single colonies were transferred into sealed 125-ml
bottles with 25ml ampicillin (final concentration, 10mg/ml)-selective NMS liquid medium with a 5% (vol/vol)
gas phase of propane. After several rounds of selection, single colonies that possessed the plasmid but were
not strain ZPP were transferred to an NMS liquid scale-up culture with propane. Specific primers designed
for the detection of hmoA (forward primer e280F [59-ACCCTATGTGCAGTCGTGTT-39] and reverse primer
e578R [59-CCGATGTGGAAGGACATTGTG-39]) and tcpC (forward primer tcpC256f [59-GACAACGCCACCGA
AGACA-39] and reverse primer tcpC481r [59-CGTATGTCCGTGACTTCTCCT-39]) genes in the plasmid and uni-
versal primers for the 16S rRNA gene (forward primer 341F [59-CCTACGGGNGGCWGCAG-39] and reverse
primer 785R [59-GACTACHVGGGTATCTAATCC-39]) (71) were used to verify plasmids and strains using real-
time quantitative PCR (qPCR) and conventional PCR. Thermal cycling conditions included a 5-min initial
denaturation step at 95°C followed by 40 cycles (for qPCR) or 35 cycles (for conventional PCR) of denatura-
tion at 95°C for 30 s, an annealing step at 55°C for 30 s, elongation at 72°C for 30 s, and a final elongation
step at 72°C for 10min (for conventional PCR). Reactions without DNA templates were included in all cases
as a negative control.

Measurement of plasmid maintenance. Strain ZPP and the newly obtained transconjugant colo-
nies were cultivated with NMS medium in sealed bottles with a 5% (vol/vol) gas phase of propane to
maintain functional plasmids. The bottles were incubated at 28°C for 4 days with shaking at 150 rpm.
Subsequently, the cultures (OD600 of ;0.1) were transferred to fresh 2-fold-diluted R2A liquid medium
every day to retain the cells in logarithmic phase. For each transfer, cells were collected to extract DNA
and perform qPCR using primers for hmoA, tcpC, and 16S rRNA genes. During this experiment, the nega-
tive mutant of strain ZPP was selected from a 2-fold-diluted R2A plate and verified using genome
sequencing.

Transcriptomes of the donor and the transconjugant. The donor and the transconjugant were
also cultured in sealed bottles with 25ml NMS medium and a 5% (vol/vol) gas phase of propane at 28°C.
The cells of the donor and the transconjugant were harvested in the logarithmic phase after approxi-
mately 10 days by centrifugation at 7,000� g. The supernatant was then filtered through a filter mem-
brane. The total RNA was extracted from this mixture of precipitated cells and the filter membrane resi-
due using a mirVana microRNA (miRNA) isolation kit (Thermo Fisher Scientific, Waltham, MA). The
genomic DNA was digested using a recombinant DNase I kit (TaKaRa, Dalian, China). RNA quality was
assessed with a Qubit 2.0 instrument and the Qubit RNA HS assay kit. Next, a QIAseq FastSelect 5S/16S/
23S kit was used to remove 5S/16S/23S rRNA, according to the manufacturer’s instructions. A QIAseq
stranded total RNA library kit was used to build the library according to the manufacturer’s instructions,
and cDNA was sequenced on the Illumina PE150 platform. The quality-trimmed reads were mapped to
the annotated genome, and TPM values were calculated using RSEM (72) with Bowtie 2 and default pa-
rameters (73). The expression levels of housekeeping genes with high general expression stability, spe-
cifically those encoding DNA gyrase subunit B and RecA, were marked as the baselines.

Data availability. Genomes were submitted to GenBank under accession no. CP058638 to CP058643
(ZPP) and JACJUL000000000 [R. erythropolis ATCC 25544(pRZP1)]. Genomic and transcriptomic reads were
also submitted to NODE (The National Omics Data Encyclopedia) (https://www.biosino.org/node/) under
project identifier OEP001070 and GenBank under BioProject accession no. PRJNA643244.
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