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Abstract

The mobilome plays a crucial role in bacterial adaptation and is therefore a starting point to understand and establish the gene 
flow occurring in the process of bacterial evolution. This is even more so if we consider that the mobilome of environmental 
bacteria can be the reservoir of genes that may later appear in the clinic. Recently, new genera have been proposed in the family 
Mycobacteriaceae, including the genus Mycolicibacterium, which encompasses dozens of species of agricultural, biotechnologi-
cal, clinical and ecological importance, being ubiquitous in several environments. The current scenario in the Mycobacteriaceae 
mobilome has some bias because most of the characterized mycobacteriophages were isolated using a single host strain, 
and the few plasmids reported mainly relate to the genus Mycobacterium. To fill in the gaps in these issues, we performed 
a systematic in silico study of these mobile elements based on 242 available genomes of the genus Mycolicibacterium. The 
analyses identified 156 putative plasmids (19 conjugative, 45 mobilizable and 92 non- mobilizable) and 566 prophages in 86 
and 229 genomes, respectively. Moreover, a contig was characterized by resembling an actinomycete integrative and conjuga-
tive element (AICE). Within this diversity of mobile genetic elements, there is a pool of genes associated with several canonical 
functions, in addition to adaptive traits, such as virulence and resistance to antibiotics and metals (mercury and arsenic). The 
type- VII secretion system was a common feature in the predicted plasmids, being associated with genes encoding virulent pro-
teins (EsxA, EsxB, PE and PPE). In addition to the characterization of plasmids and prophages of the family Mycobacteriaceae, 
this study showed an abundance of these genetic elements in a dozen species of the genus Mycolicibacterium.

DATA SUMMARY
The genomic data analysed in this work are listed in Tables 
S1 and S3 of Supplementary File 1 (available in the online 
version of this article). All supplementary files can be found 
on Figshare at 10.6084/m9.figshare.13286357

INTRODUCTION
The family Mycobacteriaceae is composed of hundreds 
of species of agricultural, biotechnological, clinical and 
ecological importance, being ubiquitous in several envi-
ronments. Recently, one of its genera, Mycobacterium, was 
reclassified into an emended genus Mycobacterium and four 
new genera. Most species in the family Mycobacteriaceae 
belong to the genera Mycobacterium (slowly growing 

mycobacteria), which includes several human pathogens, 
and Mycolicibacterium (rapidly growing mycobacteria), 
saprophyte organisms that mainly comprise environmental 
species and opportunistic pathogens [1]. Although the 
family Mycobacteriaceae has a huge diversity of species, its 
mobilome is underexplored [2].

Mobile genetic elements, which collectively constitute the 
bacterial mobilome, are the main vectors of horizontal gene 
transfer in these organisms. They represent a source of diver-
sity that can confer novel traits and play a role in the ecology 
and evolution of bacteria [3–6]. The study of these elements is 
the starting point for understanding the dynamics of gene flow 
within a bacterial community and how it affects its diversity 
and density [7]. These genetic entities include DNA elements 
such as integrons, plasmids, integrative conjugative elements, 
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insertion sequences, bacteriophages and transposons that can 
mobilize and integrate into the host genome [2, 8].

So far, plasmids, a mobilome central element, have been 
considered to be rare in the family Mycobacteriaceae [9, 10]. 
Despite this, plasmids have been associated with the evolu-
tion and dissemination of the major specialized secretion 
system among hundreds of mycobacteria species, namely 
the type- VII secretion system (T7SS or ESX). This secretion 
system is encoded by six paralogous loci (ESX-1, -2, -3, -4, 
-4- bis and -5) in plasmids and chromosomes [11–13]. To date, 
most of the plasmids identified in this family (n=94) belong 
to the genus Mycobacterium (https://www. ncbi. nlm. nih. 
gov/ genome/ browse#!/ plasmids/ mycobacterium), probably 
due to its clinical relevance. Regarding the genus Mycolici-
bacterium, despite its 86 described species, there is only one 
report characterizing two of the 19 plasmids identified so far 
in this genus of bacteria [14] (https://www. ncbi. nlm. nih. gov/ 
genome/ browse#!/ plasmids/ mycolicibacterium). Addition-
ally, in the NCBI database, there is a bias as only genomes 
of defined species are associated with plasmids. Moreover, 
despite several reports of Mycolicibacterium genomes [15–26], 
these studies rarely survey plasmids among their contigs. 
Thus, only a few plasmids have been reported in this genus, 
mainly from unrecognized genomes [2, 14, 27–30]. Despite 
the reclassification of Mycobacterium, some Mycobacterium 
sp. genomes that are in fact Mycolicibacterium remain named 
as Mycobacterium (https://www. ncbi. nlm. nih. gov/ genome/ 
browse/#!/ prokaryotes/ 13563/) (e.g. Mycobacterium sp. JS623, 
Mycobacterium sp. KMS and Mycobacterium sp. YC- RL4, as 
observed in the phylogeny of Morgado and Vicente, 2020), 
some of them presenting plasmids.

In contrast to plasmids, there are thousands of recognized 
mycobacteriophages (http:// phagesdb. org), which were 
classified in dozens of clusters based on their gene content 
[31]. Most of these mycobacteriophages were from the 
environment and isolated using a single host strain: Mycol-
icibacterium smegmatis mc2155 [31–33]. Thus, the range of 
Mycolicibacterium species that are infected by bacteriophages 
is unknown, and knowledge of the diversity of these mobile 
genetic elements in other species is limited. Therefore, the 
mobilome of Mycolicibacterium species has a great potential 
for an abundance and diversity of bacteriophages yet to be 
revealed.

Due to the relevance of mobile genetic elements in the 
adaptation and evolution of bacteria, here we performed a 
comprehensive in silico survey, focusing on plasmids and 
prophages, based on all 242 complete and draft Mycolicibac-
terium genomes available at NCBI. Following our workflow, 
analyses revealed a total of 156 plasmids within 86 genomes, 
distributed in several Mycolicibacterium species. These plas-
mids were mainly predicted to be non- mobilizable and their 
cargo genes presented a prevalence of T7SS and resistance 
genes (metal and antibiotics) with low identity to clinical 
sequences. In addition, one of the predicted plasmids may 
be an integrative and conjugative element of actinomycetes 
(AICE). Among the prophages, 566 were predicted in 229/242 

genomes, being distributed in 94 % of the species, but only 40 
of the prophages were assigned as intact. They carried more 
antibiotic resistance genes than plasmids, but also with low 
sequence identity. Among the antibiotic resistance genes 
identified in the Mycolicibacterium mobilome, there was a 
prophage encoding an Arr protein presenting 92 % identity 
to the Arr protein encoded in M. smegmatis. Most of the 
intact prophages identified could not be assigned to recog-
nized mycobacteriophage clusters, suggesting an unrevealed 
diversity among species of the genus Mycolicibacterium.

METHODS
Genome sequences analysed
A total of 242 Mycolicibacterium genomes were retrieved 
from the NCBI ftp site (ftp:// ftp. ncbi. nlm. nih. gov/ genomes/ 
genbank/ bacteria) in January 2020, encompassing 69 species 
and 27 sp. genomes (Table S1). Representative mycobacte-
riophage genomes (n=193; Table S2) were obtained from the 
Actinobacteriophage Database (http:// phagesdb. org) in April 
2020, and encompass all mycobacteriophage clusters. The 
115 known Mycobacteriaceae plasmids (Table S3) and 35 114 
complete plasmids from non- Mycobacteriaceae families were 
obtained from the NCBI nucleotide database (https://www. 
ncbi. nlm. nih. gov/ nuccore; searching for the term ‘complete 
plasmid’ using the filters: genomic DNA/RNA, RefSeq, 
Plasmid) in May 2020 and January 2020, respectively.

Detection of putative mobilome elements
The identification of putative plasmids was performed by 
using four strategies. (i) blastn analyses of the contigs of the 
Mycolicibacterium genomes against 35 114 plasmid sequences 
obtained from the NCBI database. Those contigs presenting 
at least 50 % coverage and identity with NCBI plasmids 
were selected. (ii) Replication proteins were sought for in 
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the proteomes of the Mycolicibacterium genomes using an 
in- house hmm profile with the hmmsearch program from 
the HMMER v3.1b2 software package [34]. This hmm profile 
was built using Rep proteins from Mycobacteriaceae plasmids 
with the hmmbuild program from the HMMER software 
[34], and it is available as Supplementary File 2. (iii) Circu-
larity inference of the Mycolicibacterium contigs: assembly 
programs only produce linear contigs, so if a single contig 
has sufficient coverage with reads overlapping its ends, it is 
evidence of its circularity [35]. (iv) Searches for T7SSs related 
to plasmids because plasmid T7SS sequences differ from 
those encoded on chromosomes [13]. The T7SS core proteins 
(EccA, EccB, EccC, EccD, EccE and MycP) were surveyed by 
the hmmsearch program [34] using the hmm profiles listed 
in Table S4. To optimize the survey, we made a preliminary 
selection of the Mycolicibacterium contigs considering the 
MycP protein as a marker, as it is one of the most conserved 
proteins in the T7SS. The MycP sequences were clustered with 
MycP proteins from Mycobacteriaceae plasmids and chromo-
somes by the CD- HIT software v4.7 [36] using the parameter 
- c 0.7. Final selection of the Mycolicibacterium contigs that 
encoded plasmid T7SS was based on the clustering of their 
MycP with non- chromosomal MycP and the presence of at 
least four T7SS core genes close to each other. The hmmsearch 
and blastn searches of this study were performed using an 
e- value of 1e-10. All candidate contigs selected by the four 
strategies followed a filtering step to reduce the number of 
false- positives, discarding: (i) contigs with a sequence size less 
than 1 kb or greater than 1 Mb, (ii) contigs that encode ribo-
somal proteins and (iii) contigs that did not encode proteins. 
After these steps, the remaining contigs were considered 
potential plasmids.

The identification of putative prophages in the Mycolici-
bacterium genomes was performed using the PHASTER 
web platform (https:// phaster. ca). The identified prophages 
were categorized as ‘intact’, ‘questionable’ and ‘incomplete’, 
depending on the number of phage- related encoded proteins 
and the prophage size [37].

Mobilome annotation
The putative mobilome elements were annotated using Prokka 
v1.12 [38] with bacterial genetic code and --rfam parameters. 
The gene families present in the mobilome elements were 
defined by orthology analysis using GET_HOMOLOGUES 
v3.0.5 [39] with the parameters - M -X -C 0.7 S 0.4 t 0. Func-
tional annotation of the predicted proteins was performed 
by InterProScan v5.42–78.0 [40] with default parameters. 
The survey of antibiotic resistance genes was based on The 
Comprehensive Antibiotic Resistance Database (https:// card. 
mcmaster. ca) [41] and hmm core profile from the ResFams 
database [42]. Virulence factors were also surveyed with 
protein sequences of the core dataset of the Virulence Factor 
Database (VFDB) [43] using blastp with e- value, identity 
and coverage of 1e-10, 50 % and 70 %, respectively.

The genomic relatedness between the predicted plasmids and 
known Mycobacteriaceae plasmids (Table S3) was assayed by 

the combination of genome- wide average nucleotide identity 
(gANI) and alignment fraction (AF) using the MiSI (Micro-
bial Species Identifier) method [44]. Plasmids were considered 
related if they presented pairwise AF ≥0.6 and pairwise gANI 
≥96.5. Although this clustering method was originally applied 
for comparisons of bacterial species, it can also be used as a 
schematic measure to group genetically equivalent plasmids 
[45]. These data were embodied in heatmaps, created with 
the pheatmap R package (https:// cran. r- project. org/ web/ 
packages/ pheatmap).

The mobility prediction of the predicted plasmids was based 
on the presence of gene markers, such as relaxase and T4SS- 
like genes (virB4 and T4CP). In addition, in Mycobacteriaceae, 
the ssDNA conjugative mechanism is also related to other 
genes, such as the T7SS and tcpC gene (virB8- like conjugative 
gene) [46]. Thus, the predicted plasmids were classified as: (i) 
conjugative, plasmids encoding Relaxase, TcpC, VirB4, T4CP 
proteins, and the T7SS; (ii) mobilizable, plasmids encoding 
Relaxase, and lacking the T4SS and/or T7SS; and (iii) non- 
mobilizable, plasmids that did not encode Relaxase. We also 
checked whether the predicted plasmids could be in fact 
AICEs looking for replication-, integration- and conjugation- 
related genes as described [47]. The mobility markers were 
surveyed with hmm profiles (Table S4) using the hmmsearch 
program [34]. OriT sequences (origin sites of DNA transfer) 
were obtained from oriTDB [48], and screened on the 
predicted plasmids using blastn. The Relaxase sequences 
were also used for phylogenetic analysis, being aligned with 
MAFFT v7.310 [49] and submitted to PhyML v3.1 [50] for 
maximum- likelihood analysis with the WAG+I+G+F substi-
tution model and 100 bootstrap replicates.

The clustering of prophage sequences was done with 
VSEARCH v2.14.2 [51] considering an identity ≥70 % and 
coverage ≥50 % (parameters --strand both, --id 0.7, --query_
cov 0.5 and --target_cov 0.5). Assignment of the prophages to 
a mycobacteriophage cluster was based on the similarity of 
its gene content with other mycobacteriophages (≥50 %) [52]. 
Thus, a bipartite network of the gene content of the prophages 
was generated by AcCNET v1.216 [53] using the parameters 
--threshold 1.1 and --kp ′-s 1.80 -e 1e-10 -c 0.6′, and visualized 
in Cytoscape v3.7.2 [54].

Mycolicibacterium and T7SS phylogeny
Mycolicibacterium and T7SS phylogeny were determined 
based on Mycolicibacterium core genes and T7SS proteins, 
respectively. The genus phylogeny was based on the core 
genome multilocus sequence analysis (cgMLSA) of the 242 
Mycolicibacterium genomes using GET_HOMOLOGUES 
v3.0.5 [39] with the parameters - M -X -C 0.7 S 0.4 t 0. Plas-
mids encoding at least four of the six T7SS proteins, whose 
genes were close to each other, were selected for the T7SS 
phylogeny. The Mycolicibacterium core genes and the proteins 
encoded by the T7SS core genes in the predicted plasmids 
were aligned with MAFFT v7.310 [49] and low- quality align-
ment columns were removed by GUIDANCE2 v2.02 [55]. The 
final alignments of each data set (Mycolicibacterium genes and 

https://phaster.ca
https://card.mcmaster.ca
https://card.mcmaster.ca
https://cran.r-project.org/web/packages/pheatmap
https://cran.r-project.org/web/packages/pheatmap
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T7SS proteins) were concatenated and submitted to PhyML 
v3.1 [50] for maximum- likelihood analysis with GTR+G+I 
and LG+I+G+F substitution models, respectively, and 100 
bootstrap replicates. The trees were generated in the iTOL 
web platform (https:// itol. embl. de) [56].

Statistical analysis
Statistical analysis between groups was performed with 
Wilcoxon tests using RStudio software v1.2.5033 [57], and P 
values <0.05 were considered statistically significant.

RESULTS AND DISCUSSION
This study focused on the mining of metagenomes (set of 
contigs), represented by complete and draft sequences from 
the genus Mycolicibacterium, to access their mobilome (plas-
mids and prophages). This strategy allowed the identification 
of a plethora of putative mobile elements, mainly plasmids, 
as well as a dozen intact prophages, significantly expanding 
the previous scenario of occurrence of these elements within 
this genus of bacteria.

Plasmid detection and distribution among 
Mycolicibacterium
In Mycobacteriaceae, plasmids have been previously consid-
ered to be rare, most of them identified in clinical strains 
from the genus Mycobacterium [9, 10]. We therefore tested 
the hypothesis that the occurrence of plasmids in the family 
Mycobacteriaceae has been underestimated. We applied four in 
silico strategies versus 242 metagenomes (set of contigs) from 
69 species and 27 sp. genomes of the genus Mycolicibacterium. 

In this way, we were able to identify 156 putative plasmids 
(Table S5) within 86 genomes (~35 % of 242). Most of these 
genomes presented a single plasmid (n=48), while the others 
contained two to six plasmids per genome (Fig.  1a). The 
sequence length of the predicted plasmids ranged from 1375 
to 274 109 bp with a mean and median of 53.9 and 24.6 kb, 
respectively; they presented high GC content (66 % median), 
and 53/156 of them were predicted to have a circular topology 
(Fig.  1b). These features are similar to those observed in 
known Mycolicibacterium plasmids: sequence length ranging 
from 1474 to 615 278 bp, with a median of 214 kb (presence 
of megaplasmids is common); high GC content (65.15 % 
median); the presence of both circular and linear topologies, 
with a prevalence of the latter; and multiple plasmids (one 
to three) per genome. The high GC content is also similar 
to the chromosomal GC content of Mycolicibacterium. The 
discovery of this large set of putative plasmids in the current 
data set contrasts with a previous study that identified a low 
abundance of mobile elements in genomes of representative 
species of Mycobacteriaceae species, including some Mycol-
icibacterium [58].

Among all genomes from the 69 Mycolicibacterium species, 
we observed that the plasmids were distributed in 36 species 
and 13 sp. genomes (>50 % of the total species), with a preva-
lence in Mycolicibacterium fortuitum, Mycolicibacterium chlo-
rophenolicum and Mycolicibacterium conceptionense (Fig. 1c). 
Some species were represented by several genomes, and in 
these cases, plasmids were not always detected in all genomes 
from the species (Table S6). It is thus not possible to state that 
plasmids are common in these species. In the NCBI data-
base, there are 11/86 Mycolicibacterium species harbouring 

Fig. 1. Characterization of Mycolicibacterium mobile elements. (a) Number of plasmids distributed in the genomes; (b) size distribution of 
the predicted plasmid according to their topology; (c) number of predicted plasmids identified in Mycolicibacterium species.

https://itol.embl.de
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plasmids, and now more 23 species have also been revealed 
carrying plasmids (Table S5). In fact, a phylogenetic analysis 
based on seven concatenated core genes (hrdB- like, adk- like, 
rplS- like, garA- like, ribE- like, carA- like and pyrH- like) of the 
genus (obtained by cgMLSA of the 242 Mycolicibacterium 
genomes) showed that there is a large distribution of plas-
mids among several species of the genus (Fig. 2). These results 
show that plasmids are prevalent in the newly defined genus 
Mycolicibacterium. Interestingly, most of these saprophyte 
species exploit environmental niches [1], in contrast to the 
previous scenario in which Mycobacteriaceae plasmids were 
characterized mainly in pathogenic strains [59, 60].

Mycolicibacterium plasmid clustering and 
characterization
To observe the genomic relationship and the diversity among 
Mycolicibacterium plasmids, we compared the sequences of 
the predicted plasmids with the sequences of a representative 
set of known Mycobacteriaceae plasmids based on pairwise 
gANI and AF. Most of the predicted plasmids had no or only 
a low similarity to known Mycobacteriaceae plasmids (Figs 
S1 and S2). Fifty- four predicted plasmids formed 19 clusters 
of two to seven sequences (Fig. 3), of which 4/19 clusters 
showed an overall similarity to known Mycolicibacterium 
plasmids (pCBMA213_1, pCBMA213_2, pCBMA213_3 and 

Fig. 2. Mycolicibacterium phylogenetic tree based on seven concatenated core genes of the genus (~8 kb): RNA polymerase sigma factor 
(hrdB- like), adenylate kinase (adk- like), 50S ribosomal subunit L19 (rplS- like), glycogen accumulation regulator (garA- like), riboflavin 
synthase (ribE- like), glutamine- hydrolysing carbamoyl- phosphate synthase small subunit (carA- like), and UMP kinase (pyrH- like). 
Genomes presenting the predicted plasmids and the known plasmids are marked with red and green squares, respectively. Green 
circles at branches indicate bootstrap values >80 %.
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pJCM15653). Although the overall genomic relationship of 
the predicted plasmids is limited to only these four known 
Mycobacteriaceae plasmids, when considering the rep gene, 
it was possible to observe phylogenetic relationships with 
several other known plasmids (Fig. S3). This shows some 
degree of distribution of plasmid replicon systems within the 
family Mycobacteriaceae as similar rep genes are present in 
plasmids of different species and genera. Thus, Mycolicibac-
terium plasmids with promiscuous replicon systems could be 
evaluated as potential cloning vectors within the family, as 
they come from non- pathogenic and fast- growing organisms 
(suitable for use in biotechnology). In addition, they could 
have applications in mycobacterial genetic manipulation, as 

they are not derived from hybrid vectors (Mycobacterium–
Escherichia coli) [61, 62]

Within the 19 clusters, it was observed that plasmids from 
the same speciesand from a mix of species may or may not 
have a different geographical origin (Table 1). These results 
are evidence of the nature and mobility of these elements. 
The mobility of these plasmids was predicted based on 
gene marks (see Methods) and, in this way, 19/156 plas-
mids would be conjugative, 45/156 mobilizable and 92/156 
non- mobilizable (Fig. 4a). The classification of plasmids as 
conjugative was based on the presence of the following set 
of genes: relaxase, virB4, virD4 (T4CP), tcpC and T7SS, as 
these genes were shown to be experimentally necessary for 

Fig. 3. Heatmap showing groups of related plasmids. The pair of plasmids with a value of 1 (red) simultaneously present gANI≥96.5 and 
AF≥0.6. This analysis included all known Mycobacteriaceae plasmids (Table S3), but only those related to the predicted plasmids are 
displayed.
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conjugation in Mycobacteriaceae [46]. This was a very strict 
classification and, therefore, we do not rule out the possibility 
of false negatives, as there may be conjugative systems not 
yet characterized in the family Mycobacteriaceae. Conjuga-
tive plasmids had a median sequence size of ~111 kb (thus 
representing megaplasmids), being significantly larger 
than mobilizable and non- mobilizable plasmids (P<0.05), 
which did not show significant differences in median size 
(~22 and ~23 kb, respectively). In fact, conjugative plasmids 
have already been observed to be larger than mobilizable 
and non- mobilizable plasmids [63]. Interestingly, we were 
able to identify genes encoding FtsK- like DNA translocase 
(TraB- like) in four predicted plasmids (AGJJ02000003.1, 
QMEW01000047.1, QQBJ01000022.1 and RXJU01000029.1). 
This protein was involved with the transfer of dsDNA in a 
unique process in Streptomyces plasmids [64]. Therefore, we 
assigned these elements as conjugative, but this mechanism 
had not yet been described in Mycobacteriaceae, and experi-
ments are needed to confirm that this mechanism also occurs 
in Mycolicibacterium.

Plasmids with distinct mobility signatures were observed 
within the 19 clusters (Table 1). All plasmids from Clusters 
1, 3, 6, 10, 11, 15 and 17 were classified as non- mobilizable. 
Curiously, Cluster 3 encompasses plasmid sequences from 
different species, which suggests mobility, although they all 
were assigned as non- mobilizable. The presence of related 
‘non- mobilizable’ plasmids between different species may be 
due to a trans mobilization mechanism, in which the oriT 
sequence (origin site of DNA transfer) is recognized by 

chromosomally encoded relaxases and/or by other mobile 
elements to initiate DNA transfer [65–69]. Thus, we searched 
among the predicted plasmids, using blastn, for putative 
oriT sequences using as reference hundreds of known oriT 
sequences obtained from an oriT sequence database (oriTDB). 
Although known oriT sequences have not been detected in the 
predicted plasmids, the existence of oriT sequences that have 
not yet been characterized cannot be excluded, because the 
Mycobacteriaceae plasmids and their features are beginning to 
be revealed. Besides, some Clusters (4, 5, 9 and 14) presented 
both mobilizable and non- mobilizable plasmids (Table 1). In 
particular, in Cluster 4, plasmid HG322955.1 was assigned 
as non- mobilizable, while the three others were assigned as 
mobilizable. By analysing the HG322955.1 sequence content 
we identified a relaxase, which would characterize it as a 
mobile plasmid, but this relaxase sequence lacks the TrwC 
domain, necessary for the DNA cleavage process, and essen-
tial to plasmid mobilization. In Clusters 5, 9 and 14, some 
plasmids seem to have lost their relaxases, as their related 
plasmids are of different species and have the relaxase gene. 
Clusters 2, 12 and 18 were composed entirely of conjugative 
plasmids (Table  1), and Cluster 13 presented conjugative 
and mobilizable plasmids. In this last group, the mobilizable 
plasmid (CTEF01000009.1) presented most of the genes of 
the conjugative apparatus, except the tcpC (virB8- like) gene, 
so it was not assigned as conjugative according to our criteria.

Mobilizable and conjugative plasmids carry relaxases classi-
fied in several MOB families. In Actinobacteria, two relaxase 
families have been identified thus far: MOBF and MOBQ [70]. 

Fig. 4. Mobility features of the predicted plasmids. (a) Number of plasmids versus their sequence size (kb) according to plasmid mobility. 
(b) Phylogeny of MOB

F
 relaxases encoded by the predicted plasmids. The blue and red branches represent the G1 and G2 relaxase 

groups, respectively. The green labels represent the plasmids that encode two relaxase genes. (c) Size of the relaxase proteins encoded 
by the predicted plasmids.
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Here, the conjugative and mobilizable plasmids (64/156) 
presented 67 relaxase genes (three plasmids had two relaxase 
genes) that belonged to four MOB families: MOBF (n=63), 
MOBP (n=1), MOBV (n=2) and MOBC (n=1) (Table S7). 
Therefore, the spectrum of MOB families in Mycolicibac-
terium has been enlarged with the identification of MOBP, 
MOBC and MOBV in the current set of predicted plasmids. 
The MOBF relaxases were the most prevalent and distributed 
in plasmids of several genomes, while the other MOB families 
were present in only three plasmids, all from a single genome 
(Mycolicibacterium sp. P9-64: NPKO01000025.1, MOBV; 
NPKO01000027.1, MOBP and MOBC; and NPKO01000028.1, 
MOBV). These plasmids have some similarity to plasmids 
from Firmicutes and Proteobacteria, suggesting their broad 
host range profile. Indeed, Actinobacteria may be susceptible 
to broad- host- range plasmids, even under environmental 
conditions [71]. Performing a phylogenetic analysis with the 
protein sequences encoded by MOBF relaxases, we observed 
two main clades (Fig. 4b) characterized by the size of their 
sequences (Fig. 4c), where those in G1 (1859 aa of median 
size) are larger than those in G2 (1001 aa of median size) 
(P<0.05). We did not observe any correlation between the 
relaxase groups and the mobility categories of the predicted 
plasmids. Likewise, analysing these relaxase protein sequences 
with InterProScan, we also did not observe any remarkable 
difference between the protein domains of the groups. The 
TrwC and P- loop_NTPase (DNA helicase- related) protein 
domains were the main ones identified in both relaxase 
groups, but some sequences from both groups also had 
variations, presenting one AAA+ATPase or two AAA_30 
domains (Table S8). Interestingly, the AAA+ATPase domain 

is present in key proteins of single- and double- stranded DNA 
conjugation systems [72]. The presence of these additional 
domains suggests that some relaxases may play a role in 
various processes of mobilization and conjugation, or other 
unexpected roles [73].

Comparing the predicted plasmids (n=156) against 35 114 
complete plasmids from non- Mycobacteriaceae families 
using blastn, it was revealed that 55/156 shared sequences 
(1–15 kb) with 139 plasmids of 34 genera from four phyla, 
including Actinobacteria (mainly), Proteobacteria, Cyanobac-
teria and Firmicutes (Table S9). It is evidence that plasmids 
play a role in the gene flux between Mycolicibacterium and 
other bacterial families. Indeed, horizontal gene transfer 
events between Mycobacteriaceae and Proteobacteria are 
common [45, 58, 74], but the association of these events with 
plasmids is unclear.

These results show that most of the predicted plasmids 
would represent new plasmids and therefore there is an as yet 
unravelled plasmid diversity in the genus Mycolicibacterium. 
Besides, the occurrence of related plasmids within several 
species from different geographical regions suggests their 
broad host range spectrum and the possibility of horizontal 
gene transfer among, at least, Mycolicibacterium species.

Interestingly, one of the predicted plasmids (BCTA01000038.1) 
could be an AICE, a class of integrative and conjuga-
tive elements (ICEs) prevalent in Actinobacteria [75], as 
it encodes an integrase, FtsK- like DNA translocase, and 
replicative genes. So far, there are few reports of AICEs in 
Mycobacteriaceae [47, 76]. In fact, due to the bias imposed 

Fig. 5. Functional characterization of the proteins encoded by the mobile elements. The number of proteins of the predicted plasmids (a) 
and prophages (b) presenting the most prevalent PF domains and GO terms.
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by our approach that considered only contigs shorter than 
1 Mb in size, the identification of AICEs in the integrated state 
would be unlikely. The identified element would be in the 
excised transient form, and the occurrence of these elements 
in Mycolicibacterium could still be underestimated. Plasmids 
and ICEs have similar genetic modules, such as replication, 
maintenance, segregation, etc., and, additionally, recombina-
tion and interconversion events between these elements seem 
to have been frequent during their evolution [77–81].

Gene content of the putative plasmids
To identify the diversity of genes carried by the predicted 
plasmids, we performed an orthology analysis, identifying 
4643 gene families, most of them encoding uncharacterized 
proteins (in the same way as in known Mycolicibacterium 
plasmids). In general, the most prevalent gene families 
were those coding for replication (present in 71 plasmids), 

recombinase (n=42), toxin–antitoxin (TA) modules (n=39), 
relaxase (n=34), VirD4 (n=25) and MycP (n=25) proteins. 
Most of these genes are related to basal functions (replica-
tion, mobility and maintenance). Besides, by performing a 
functional analysis of the proteome of these plasmids (9137 
proteins), around 25 % (n=2215) and 43 % (n=3884) of the 
proteins were assigned to Gene Ontology (GO) terms and 
Pfam protein domain composition, respectively (Table S10). 
The most prevalent Pfam domains and GO terms were mainly 
related to mobility, partitioning and translocation of macro-
molecules; and molecular functions, respectively (Fig. 5a). In 
addition to the cargo genes, some predicted plasmids (n=7) 
encoded tRNA genes (one to 32 tRNA genes). Although 
uncommon, some known plasmids also harbour tRNA genes 
[82–84], which can act as a target for integrative elements in 
recombination events [85]. We also observed in 40/156 (~25 %) 
of the predicted plasmids clusters of genes that resemble the 
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T7SS. The T7SS is a common feature in Mycobacteriaceae 
plasmids, and in fact, they played a major role in the evolution 
and radiation of this secretion system in this bacterial family 
[11–13]. Among the predicted plasmids, those harbouring 
the T7SS had a median size (~117 kb) larger than plasmids 
that did not encode the T7SS (~21 kb) (P <0.05), and all ESX 
types were represented, except ESX-4, with most sequences 
encoding ESX-2 and ESX-5 (Fig. 6). The Mycolicibacterium 
and Mycobacterium ESX-5 sequences belong to two distinct 
clades, while there is no segregation of ESX-3 sequences 
related to these genera (Fig.  6). The plasmids harbouring 
ESX-1 and ESX-3 were predicted as non- mobilizable, while 
those harbouring ESX-2 and ESX-5 could be assigned as non- 
mobilizable, mobilizable or conjugative. In addition, an asso-
ciation of T4SS- like genes with the T7SS has been observed, 
mainly in plasmids harbouring ESX-2 and ESX-5, as most 
of them carried virB4- like, virD4- like and tcpC- like genes 
close to the T7SS loci, resembling a conjugation- related locus 
[13]. None of the putative plasmid sequences branched into 
chromosomal ESX clades, grouping mainly with sequences of 
known plasmids from different species of Mycobacteriaceae, 
which gives confidence that these sequences belong to mobile 
elements and reinforces the hypothesis of T7SS mobility 
[13]. Regarding the ESX types most commonly identified 
here, ESX-2 and ESX-5, they appear to be exclusive to plas-
mids, as there are no reports of them on Mycolicibacterium 
chromosomes [11–13]. While Mycolicibacterium plasmids 
carrying ESX-2 are common, those with ESX-5 have rarely 
been observed [13]. Therefore, our analysis revealed a new 
scenario considering the prevalence and distribution of this 
ESX system in Mycolicibacterium. Curiously, ESX-1 and 
ESX-3 were only identified in non- mobilizable plasmids, 
while ESX-2 and ESX-5 were found in plasmids of all types 
of mobility. We speculate that the presence/absence of the 
different ESX types in Mycolicibacterium plasmids could have 

a relationship to their role and evolutionary time. ESX-4 is 
the most ancestral, being already chromosomally fixed in 
the species, and is involved in lateral gene transfer [13], not 
being observed in Mycolicibacterium plasmids. ESX-1 and 
ESX-3 arose after ESX-4, and have been identified particularly 
in the chromosome, being involved in lateral gene transfer 
and iron acquisition, respectively [13]. So far, only a few 
Mycolicibacterium plasmids are known to harbour these ESX 
systems. Conversely, ESX-2 and ESX-5, the most phylogeneti-
cally recent ESX systems, are only found in plasmids. ESX-5 is 
related to virulence and membrane integrity processes, while 
the function of ESX-2 is unknown [13]. Thus, more ancestral 
ESX systems would have been fixed by a selection of their 
functions, no longer diversifying as much in the plasmids 
(observed by the lower number of plasmids carrying ESX-1 
and ESX-3), while more recent ESX systems (ESX-2 and 
ESX-5) would still be under selection and have not yet been 
fixed.

In bacteria, plasmids are one of the main vectors for the spread 
of antibiotic resistance genes, and represent an example of 
bacterial adaptation in response to selective pressures [86–90]. 
Among the identified genes from the accessory genome of the 
156 predicted plasmids, 184 genes were related to antibiotic 
resistance of 27 drug classes. Most of these genes were clas-
sified as ‘Loose’ [91], presenting low identity (20–46 %) to 
the reference sequences of the CARD database (Table S11), 
which suggests a distant homology. However, two sequences 
(LSKL01000015.1_00012 and LSKL01000015.1_00027), 
from a single non- mobilized plasmid of Mycolicibacterium 
mucogenicum, encoded proteins with higher identity (76 %) 
to proteins associated with aminoglycoside resistance. Most 
of the antibiotic resistance mechanisms predicted were asso-
ciated with antibiotic efflux and antibiotic target alteration 
(Table S11). As these sequences could be distant homologues 
of clinical reference sequences, we further analysed them, 
focusing on those with an enzymatic modification mecha-
nism (antibiotic inactivation), looking for functional domains 
using hmm profiles from the ResFams database. Among the 
184 antibiotic resistance genes identified by CARD, 12 (~6 %) 
were associated with antibiotic inactivation, but only three 
presented functional domains listed in the ResFams data-
base (Table S11, genes marked in red). All these genes were 
distributed in 58 plasmids harboured by 46 Mycolicibacterium 
strains, of which 31 had data on their sources, and most of 
them (n=19) were isolated from the environment (mainly soil 
and water), and the rest (n=12) from clinical samples. The 
distant homology of the genes related to antibiotic resistance 
harboured by Mycolicibacterium plasmids suggests their role 
as a reservoir of resistance genes that could later emerge in 
the clinic [91–93]. In addition to antibiotic resistance genes, 
some plasmids (e.g. LDPU01000005.1, ANBS01000014.1 
and CYSI01000006.1) harboured whole operons related to 
mercury and arsenic resistance, and blastn analyses showed 
their presence both on chromosomes and on plasmids from 
other species and genera of bacteria (in some cases with high 
identity: ~90 %).

Fig. 7. The number of prophages distributed in the genomes.
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We also looked for virulence factors in the gene content of the 
predicted plasmids through the VFDB database. Although 
we did not identify any type of toxin in the predicted plas-
mids, most of the results indicated some T7SS genes (e.g. 
mycP, eccA, esxA, esxG, esxH) as virulence factors. Indeed, 
the T7SS has already been associated with pathogenicity in 
the genus Mycobacterium, mainly by the secreted proteins 
EsxA, EsxB, PE and PPE [94]. However, this was only 
observed in mycobacterial pathogens (e.g. Mycobacterium 
marinum, Mycobacterium bovis, Mycobacterium tubercu-
losis), as in Mycolicibacterium smegmatis the same T7SSs 
did not induce the pathogenic profile [95, 96]. In fact, here, 
these secreted proteins (EsxA, EsxB, PE, PPE) encoded in 
the predicted plasmids showed low identity to the proteins 
encoded by mycobacterial pathogens (~20–40 %). However, 
the current knowledge of PE/PPE diversity suggests that 
members of this large and diverse family of proteins may 
be associated with the evolution of pathogenicity [97]. In 
addition, these studies focused on the T7SS of chromosomal 
origin, and thus, despite the presence of distinct T7SSs in 
Mycolicibacterium plasmids, their activities, concerning 
other functions than conjugation [46], are still unknown. The 
association of a plasmid with pathogenicity has already been 
reported in the family Mycobacteriaceae [98], but to date, 
there are no experimental studies with plasmids focusing on 
the pathogenesis of Mycolicibacterium. Therefore, because 
Mycolicibacterium is a saprophytic genus and, occasionally an 
opportunistic pathogen, the accessory genes of its plasmids 
are more likely to play a role in their adaptation and survival 
in the environment.

Identification and characterization of 
Mycolicibacterium prophages
Mycobacteriophages are commonly identified in Mycobac-
teriaceae, with reports of more than 11 000 isolated phages 
and more than 1800 completely sequenced (http:// phagesdb. 
org) using the model organism M. smegmatis mc2155 [31–33]. 
Despite the enormous number of phages identified, there is a 
lack of studies on their occurrence in other Mycolicibacterium 
species [99–101]. Using PHASTER, a total of 566 prophages 
were predicted in 229/242 Mycolicibacterium genomes (~94 %) 
(File S4). Their sequence size ranged from 3406 to 112 372 bp 
with a mean and median of ~16.4 and 10 kb, respectively. 
Similar to the plasmids, most genomes had a single element, 
while the others encoded two to nine prophages per genome 
(Fig. 7). Among the 566 prophages, only 40 were assigned as 
intact prophages, 34 as questionable, and the rest as cryptic 
prophages (incomplete). The 566 prophages were distrib-
uted in 66/69 Mycolicibacterium species, besides 26/27 sp. 
genomes. Genomes from Mycolicibacterium chitae, Mycol-
icibacterium phocaicum and Mycolicibacterium pyrenivorans 
did not present prophages; however, this could be a result of 
sample bias, as each of these species has only one genome 
available. Performing a clustering analysis, the 566 prophages 
formed 345 clusters, which consisted mainly of prophages 
of bacteria of the same species. The intact prophages only 
clustered with other intact and/or questionable prophages 
(Table S12). Therefore, the evidence raised here suggests that 
mycobacteriophages are abundant mobile elements in most 
of the identified species of the genus (~94 % of the genomes 
presented prophages). These prophages showed great diver-
sity (considering the number of clusters), but most of them 
were assigned as cryptic. In this case, they may represent 
archaeological remnants that have been domesticated by their 
hosts [102].

Gene content of the prophages
Gene content analysis of the 566 prophages revealed a 
pan- genome composed of 5177 genes, of which the most 
prevalent were those encoding for redoxin NrdH (present 
in 90 prophages), DNA polymerase IV (n=81), class Ib 
ribonucleoside- diphosphate reductase assembly flavoprotein 
NrdI (n=81), class 1b ribonucleoside- diphosphate reductase 
subunit alpha (n=80) and SDR family oxidoreductase (n=79). 
Functional analysis of their proteome (n=12 457 proteins) 
could only assign ~27 % (n=3390) and ~40 % (n=5055) to 
GO and Pfam terms, respectively (Table S13). The most 
prevalent proteins were associated with biological and 
molecular processes related to phage protection, integration 
and survival (Fig. 5b). Among the genes related to survival, 
the impB/mucB/samB family (IMS) is related to UV protec-
tion [103], which is the major cause of phage mortality in 
marine environments, at least near the surface [104]. In addi-
tion, several proteins have been associated with haem and 
iron- binding processes, which can favour the lytic process 
[105]. Besides protein- coding genes, 61 prophages encoded 
one (n=43), two (n=7), three (n=4) or four (n=7) tRNA genes; 
and 42 prophages encoded other non- coding RNA (ncRNA), 

Fig. 8. The bipartite network of the gene content of the prophages. 
Coloured circles and grey diamonds represent the genomes and 
the genes, respectively. Edges connect the genomes to the genes 
carried by them. The green and yellow circles represent the reference 
mycobacteriophages and the predicted prophages, respectively. 
Mycobacteriophages belonging to cluster A are delimited by the red 
circle.

http://phagesdb.org
http://phagesdb.org
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including: ALIL (n=18), SAM- IV (n=16), TPP (n=4), tmRNA 
(n=3), Ms_AS-8 (n=2), Intron_gpII (n=1), ncRv12659 (n=1) 
and YrlA (n=1). This great diversity of ncRNA genes related 
to regulatory processes [106–109] may reflect the amplitude 
of the metabolic processes of these prophages and, in fact, 
tRNA genes are a common feature in mycobacteriophages, 
their presence being explained based on the codon/amino 
acid usage [110, 111].

In the survey of antibiotic resistance genes, 241 genes related 
to 29 classes of drugs were identified in 175 prophages, most 
of them presenting low identity (22–64 %) to the reference 
sequences of the CARD database (Table S14). As with the 
plasmids, we assessed the functional domains in the antibiotic 
inactivation genes identified in the prophages. Among the 
antibiotic resistance genes analysed, 73 (~30 %) were asso-
ciated with antibiotic inactivation (most of them related to 
beta- lactams and aminoglycosides), of which 22 presented 
functional domains listed in the ResFams database (Table 
S14, genes marked in red). Thus, they can also play a role 
as a reservoir, with a further impact on their host’s fitness 
[93, 112, 113]. The exception was the cryptic Mycolicibacte-
rium goodii X7B prophage encoding an arr gene with high 
similarity (92 % identity) to a functional gene of M. smegmatis. 
In fact, the arr gene was first identified on the chromosome 
of one M. smegmatis strain [114], a species closely related to 
M. goodii, and more recently, it has been reported in several 
species of Actinobacteria, as well as in mobile elements of 
Proteobacteria [115]. However, currently, this prophage seems 
to be domesticated and degraded, as no structural gene was 
found next to the arr gene. This provides evidence for the 
role of mycobacteriophages in the dissemination of genes in 
this genus.

Mycobacteriophage cluster designation
We performed a bipartite network analysis using the gene 
content of the intact and questionable prophages (Table S15) 
to classify them into mycobacteriophage clusters. Most of 
these prophages (34/40) did not share at least 50 % of their 
gene content with the reference mycobacteriophages, and 
therefore they could not be assigned to a recognized cluster. 
On the other hand, 6/40 could be clustered with cluster A 
mycobacteriophages (Fig. 8). In addition, two Mycolicibacte-
rium senegalense prophages clustered with a singleton phage 
(Sparky), which could represent a new mycobacteriophage 
cluster. Although the designation of a cluster is based on 
phages obtained experimentally and then sequenced [31], 
the clusters of prophages identified here may represent new 
clusters of mycobacteriophages.

CONCLUSION
Through these extensive analyses, it was possible to test and 
confirm the hypothesis regarding the underestimation of 
plasmids and prophages in a genus of the family Mycobacte-
riaceae. Initially, 19 plasmids were assigned to Mycolicibacte-
rium and now dozens of this mobile element are described 
in the genus, and similarly, prophages have been identified in 

several species. Also, evidence has been raised regarding the 
role of mobile genetic elements in the diversity and evolution 
of Mycolicibacterium, as they can carry genes associated with 
secretion systems, resistance to metals and antibiotics, and 
modulation of functions that affect survival and virulence, as 
PE/PPE gene families.
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