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Abstract: The genus Rhodococcus exhibits great potential for bioremediation applications due to its 

huge metabolic diversity, including biotransformation of aromatic and aliphatic compounds. 

Comparative genomic studies of this genus are limited to a small number of genomes, while the 

high number of sequenced strains to date could provide more information about the Rhodococcus 

diversity. Phylogenomic analysis of 327 Rhodococcus genomes and clustering of intergenomic 

distances identified 42 phylogenomic groups and 83 species-level clusters. Rarefaction models show 

that these numbers are likely to increase as new Rhodococcus strains are sequenced. The Rhodococcus 

genus possesses a small “hard” core genome consisting of 381 orthologous groups (OGs), while a 

“soft” core genome of 1253 OGs is reached with 99.16% of the genomes. Models of sequentially 

randomly added genomes show that a small number of genomes are enough to explain most of the 

shared diversity of the Rhodococcus strains, while the “open” pangenome and strain-specific genome 

evidence that the diversity of the genus will increase, as new genomes still add more OGs to the 

whole genomic set. Most rhodococci possess genes involved in the degradation of aliphatic and 

aromatic compounds, while short-chain alkane degradation is restricted to a certain number of 

groups, among which a specific particulate methane monooxygenase (pMMO) is only found in 

Rhodococcus sp. WAY2. The analysis of Rieske 2Fe-2S dioxygenases among rhodococci genomes 

revealed that most of these enzymes remain uncharacterized. 
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1. Introduction 

Rhodococcus is a gram-positive genus within the Actinobacteria class that is ubiquitously 

distributed in the environment. Strains from this genus have been isolated from a variety of habitats, 

including soils, oceans and fresh waters [1–3], as well as from the guts of insects or living in 

association with sea sponges [4,5]. Some species are known pathogens, including R. hoagii (formerly 

R. equi), which causes zoonotic infections in grazing animals [6,7], and R. fascians, the causing agent 

of leafy gall disease in plants [8,9]. In addition, multiple Rhodococcus species are known to degrade 

diverse organic compounds, including polychlorinated biphenyls (PCBs), polycyclic aromatic 

hydrocarbons (PAHs) and aliphatic hydrocarbons [10–12], making this genus a very promising tool 

for bioremediation purposes. The diverse number of niches that rhodococci are able to inhabit and 

their extensive catabolic potential are thought to be a consequence of their large genomes and the 

presence of multiple extrachromosomal elements that add new functional traits to the general content 

[13]. 

The taxonomy of the Rhodococcus genus is constantly changing, due to the frequent description 

of novel species [14–16], which adds more complexity to the frequent reassignments and merge of 
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species [17]. Examples of the inconsistency in the classification can be found in the report of an 

illegitimate genus name of Rhodococcus Zopf 1981 which postdates the homonym algal genus 

Rhodococcus Hansgirg 1884 [18], and the proposed reclassification of Rhodococcus equi to the genus 

Prescottia [19]. However, the formal reclassification of R. equi into the species Rhodococcus hoagii [17] 

has further complicated this question, which awaits formal consideration [20]. Until these issues are 

resolved, Rhodococcus hoagii is still valid [21] and also the genus Rhodococcus Zopf 1981, which 

currently includes 66 validly named species, according to the List of Prokaryotic names with Standing 

in Nomenclature [22] (accessed in July 2019). 

Phylogenies of the Rhodococcus genus based on multilocus sequence analysis (MLSA) using the 

housekeeping genes 16S rRNA, secY, rpoC, and rpsA [23] or several universal protein sequences [20] 

have been used to address the phyletic relationship within strains from this genus and to identify a 

varying number of groups of species [20,24], providing more reliability than phylogenies based on 

the 16S rRNA gene [25,26]. However, the number of sequenced rhodococci allows now the use of 

whole-genome comparisons for a better understanding of their relatedness and divergence. In this 

sense, Average Nucleotide Identity (ANI) [27] has been used to identify seven clades within 59 

Rhodococcus isolates [25], although in other proteobacterial genera, including Pseudomonas and 

Bradyrhizobium, the genome-to-genome blast distance phylogeny (GBDP) algorithm [28] has proven 

to be more reliable than ANI for establishing species and phylogenomic groups boundaries [29,30]. 

Comparative genomics have also been performed to assess the functional diversity of several 

rhodococcal groups [23,24]. However, these analyses are scarce and limited to a few genome 

comparisons, which do not represent the entire diversity of the genus. Therefore, a global comparison 

of Rhodococcus genomes is needed to better understand the differences in their lifestyles and catabolic 

potential and to further acknowledge their diversity. 

Among the different members of the Rhodococcus genus, we previously isolated the novel PCB 

degrader Rhodococcus sp. WAY2 from a biphenyl-degrading bacterial consortium [31]. Further 

analysis of its complete genome sequence revealed several genetic clusters and genes putatively 

involved in the biodegradation of various aromatic compounds and different chain-length alkanes 

[32]. Although most of these clusters have also been reported in other rhodococci [10,11,33], the 

distribution of these biodegradative traits among the Rhodococcus genus remains unexplored. 

In this work, we report a global comparative genomic study of the Rhodococcus genus, using 

more than 300 sequenced strains. By means of phylogenomics, digital DNA–DNA hybridization 

(dDDH) and the determination of clusters of orthologous groups (OGs), we explore its diversity. 

Finally, we analyze the distribution of certain genes and gene clusters relevant for the biodegradation 

of aromatic and aliphatic compounds among Rhodococcus genomes to characterize their distribution 

among the genus. 

2. Materials and Methods 

2.1. Datasets 

All sequenced Rhodococcus genomes, proteomes, and annotations were downloaded from the 

RefSeq (GeneBank when RefSeq not available) NCBI ftp server [34] in June 2019. Duplicated type 

strain genomes from different culture collections were removed based on the number of contigs, 

removing those with a higher number, likely underrepresenting the strain genome, resulting in a 

total of 327 genomes listed in Supplementary Table S1. 

2.2. Phylogenomic Analysis 

The 327 Rhodococcus genomes were compared using the Genome-to-genome Blast Distance 

Phylogeny (GBDP) algorithm [28] via the Genome-to-genome Distance Calculator (GGDC) web 

service [35]. The resulting sets of intergenomic distances (Supplementary Table S2) were converted 

into a matrix and imported into MEGA X software [36] to build a Neighbor–Joining (NJ) 

phylogenomic tree. Nocardia brasiliensis ATCC 700358 was used as outgroup. In addition, GBDP was 
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also used to calculate the digital DNA–DNA hybridization (dDDH) values among all genome 

pairwise comparisons. 

2.3. Clustering of Rhodococcus Genomes 

Clustering of GBDP intergenomic distances from the Rhodococcus genus at species level (70% 

dDDH) and into phylogenomic groups was examined using the OPTSIL clustering software (version 

1.5, Available online: http://www.goeker.org/mg/clustering/) [37]. An average-linkage clustering (i.e., 

F = 0.5) was chosen, as previously proposed [29,38] and clustering threshold (T) values from 0 to 0.2, 

using a step size of 0.0005 were evaluated. The best T for both species and phylogenomic groups were 

selected based on reference partitions that yielded the highest Modified Rand Index (MRI) score, used 

to measure the stability of similarity of partitions. 

Interpolation and extrapolation analyses of the species and phylogenomic groups clusters were 

inferred using the iNEXT R package [39], with a bootstrap of 1000 replicates and a confidence interval 

of 95%. 

2.4. Orthologous Groups Identification and Genome Fractions 

Given the large number of genomes used in the study, for the identification of orthologous 

groups, genomes with more than 75 scaffolds (90 genomes) were removed to avoid misrepresentation 

of genomic fractions. Proteomes of the 237 resulting Rhodococcus genomes were compared using the 

OrthoFinder software (version 2.3.3, Available online: https://github.com/davidemms/OrthoFinder) 

[40], using diamond [41] searchers and the MCL graph clustering algorithm [42]. Resulting 

orthologous clusters were queried with an in-house designed R script to obtain the core, pangenome, 

and group-specific genome fractions over 300 randomly sampled genomes (i.e., 300 indices of the 237 

genomes randomly selected, were constructed and queried independently to obtain the number of 

orthologous groups of each genome fraction). The mean, Q1, and Q3 statistics of the 300 curves for 

each genome fraction were calculated and then represented using the ggplot2 R package [43]. The 

orthologous groups identified and the R script used to calculate the genome fractions have been 

included in the Supplementary File S1 and Supplementary File S2, respectively. Hierarchical 

clustering of selected orthologous groups was performed using the pheatmap R package [44]. 

2.5. Phylogeny of Single-Copy Genes 

Orthologous sequences of 212 single copy genes present in all the genomes were used to 

construct a phylogenetic tree. Amino acid sequences of the 212 single copy genes were aligned using 

the Clustal Omega software [45] and then concatenated. The resulting alignment of concatenated 

sequences was examined to remove poorly aligned columns and highly divergent regions with the 

gblocks v0.91 software [46], using a minimum block length of two amino acids and allowing gap 

positions in all sequences. The resulting matrix was imported into the Pthreads-parallelized RAxML 

v8.2.12 [47] to build a maximum-likelihood (ML) phylogenetic tree, using the LG model of amino 

acid evolution [48] combined with gamma-distributed substitution rates and empirical frequencies 

of amino acids. Fast bootstrapping was applied, followed by the search for the best-scoring tree [49] 

and the autoMRE criterium [50] were applied. Tree inference was calculated using the CIPRES 

Science Getaway [51]. Results were imported into MEGA X software to draw the tree. 

2.6. Diversity of Rieske 2Fe-2S Dioxygenases 

The orthologous group containing Rieske 2Fe-2S dioxygenase homologous sequences 

previously identified was used to construct a maximum-likelihood phylogenetic tree, using the same 

methods and parameters specified above. Identical sequences were removed, and highly divergent 

regions were conserved to avoid the removal of divergent sequences given the diversity of the 

sequences analyzed. 
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3. Results and Discussion 

3.1. Phylogenomic Analysis and Clustering of the Rhodococcus Genus 

The phylogenomic GBDP-based analysis of 327 Rhodococcus genomes and further clustering of 

the intergenomic distances (Supplementary Table S1) revealed the presence of 42 phylogenomic 

groups (PGs) and 83 species-level clusters (Figure 1,2). The 42 PGs are in total agreement with the 

reference partition according to the Modified Rand Index (i.e., MRI = 1) using a distance threshold T 

between 0.1395 and 0.143, which correspond to a 29.8% and 30.5% dDDH, respectively (Figure 2). 

This result is similar to the threshold identified for phylogroups clustering in the genera Pseudomonas 

and Bradyrhizobium (Garrido-Sanz et al., 2016; Garrido-Sanz et al., 2019). These 42 PGs contain 22 

single-genome clusters, some of which are composed of a type strain alone, and 20 others with more 

than one genome. Only 18 PGs contain type sequenced strain genomes and, according to the oldest 

species description, these are named R. fascians, (PG 2), R. kyotonensis (PG 7), R. yunnanensis (PG 8), 

R. corynebacterioides (PG 13), R. globerulus (PG 16), R. erythropolis (PG 18), R. marinonascens (PG 19), R. 

opacus (PG 22), R. rhodochrous (PG 23), R. coprophilus (PG 25), R. ruber (PG 26), R. triatomae (PG 28), R. 

maashanensis (PG 29), R. tukisamuensis (PG 30), R. defluvii (PG 36), R. agglutinans (PG 37), R. hoagii (PG 

39), R. kunmingensis (PG 40), and R. rhodnii (PG 41, Figure 1). The genome of Rhodococcus sp. WAY2 

[32] is clustered with Rhodococcus sp. S2-17 and corresponds to the PG 21. Some of the PGs identified 

in this work are in agreement with a previous study conducted by Creason et al., 2014, which 

identified seven main clades within the Rhodococcus genus using 59 genomes based on whole-genome 

comparisons [25]. Clade I corresponds to PG 1 (sub-clades ii, iii and iv) and PG 2-R. fascians (sub-

clade i), and clade II corresponds to PG 12. These two clades were phylogenetically close, as is the 

case of the PG 1 to PG 12 in our analyses, which share an ancestral node. Clades III, IV, V, VI, and VII 

identified by Creason et al., 2014 correspond to PG 18-R. erythropolis (clade III), PG 22-R. opacus (clade 

IV), PGs 39, 40 and 41 (R. hoagii, R. kunmingensis and R. rhodnii, all included in clade V), PG 26-R. ruber 

(clade VI), and PG 23-R. rhodochrous (clade VII), respectively. The remaining PGs identified in our 

analysis are probably missing from the previous study due to their smaller dataset. However, the fact 

that both analyses found the same phylogenomic groups supports their status. 
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Figure 1. Genome-to-genome blast distance phylogeny (GBDP)-based phylogeny of 327 Rhodococcus 

genomes. The neighbor-joining tree was built using the GBDP intergenomic distances. Nocardia 

brasiliensis ATCC 700358 was used as outgroup. Clusters at the species level (inner circle) or 

phylogenomic groups (PGs, outer circle) are defined by OPTSIL clustering of intergenomic distances. 

Colors according to PG. Blue, bold and T indicate type strain. Rhodococcus sp. WAY2 is highlighted in 

yellow and red typing. 

On the other hand, we identified 83 species-level clusters within the 327 Rhodococcus genomes. 

These clusters were established with the conventional threshold of 70% dDDH, which corresponds 

to a distance of 0.036 between genomes. The clustering result is in total agreement with the reference 

partition (i.e., MRI = 1, Figure 2). Thirty of these clusters contain sequenced type strains genomes, 

while the remaining 53, either correspond to previously not sequenced type strains or are novel 

species, which should be properly validated in accordance with standards in nomenclature. 

Surprisingly, several genomes of type strain species clustered together, achieving dDDH% values 

higher than 70% (Supplementary Table S2). These include R. imtechensis RKJ300T and R. opacus 

ATCCC 51882T (80.2% dDDH, 77.3–82.9% confidence interval and 90.77% probability of same species) 

and R. biphenylivorans TG9T and R. pyridinivorans DSM 44555T (88.3% dDDH, 85.9–90.4% confidence 

interval and 95.2% probability of belonging to the same species), whose species status should be 

properly revised. In addition, Rhodococcus sp. WAY2 achieved a 70.2% dDDH with Rhodococcus sp. 

S2-17, with a 67.2%–73% confidence interval and a 78.63% probability of same species. 
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Figure 2. Clustering analysis of 327 Rhodococcus genomes using a range of distance thresholds T. Total 

cluster consistency (i.e., MRI = 1) was achieved using an average linkage (i.e., F = 0.5) at both species-

level (a) and groups-level clusters (b) compared to the reference partition. Clustering was performed 

with the OPTSIL software v1.5 [37]. Distance matrices (c, d) and digital DNA–DNA hybridization 

(dDDH) matrix (e) show these clusters from PG 1 (upper-right) to PG 42 (lower-left). 

In order to investigate whether the diversity of PGs and species found within the Rhodococcus 

sequenced genomes had achieved its maximum representation, we conducted rarefaction analyses. 

The results are shown in Figure 3. In both cases, curves are far from reaching an asymptote with 327 

genomes sampled, and extrapolation analysis up to 1000 genomes still shows an increment in the 

number of clusters, which will probably grow to the hundreds in the case of species and above 50 in 

the case of PGs (Figure 3). This is evidence that the diversity exhibited by the Rhodococcus genus will 

increase as long as new genomes are sequenced and is in agreement with the fact that most of the 

PGs are composed of only one genome. 
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Figure 3. Interpolation/extrapolation rarefaction analysis of the clusters at species and phylogenomic 

groups levels (left and right respectively), using 1000 replicates and a 95% confidence interval. 

3.2. Phylogeny Based on Single-Copy Proteins 

The comparison of 237 strains proteomes resulted in a total of 17,258 orthologous groups (OGs). 

Among these OGs, 212 appeared in all the genomes as single-copy amino acid sequences. These OGs 

were used to construct a ML phylogenetic tree shown in Figure 4, whose clustering pattern is 

consistent with a previous phylogenetic analysis also based on amino acid sequences [20]. The same 

PGs found in the GBDP-based phylogenomic analysis (Figure 1) are also identified with total 

bootstrap support using amino acid sequences, which validates the genome clustering reported here. 

Nonetheless, PGs 4, 28, 41, and 42, all composed of single strains, are distant and separated from their 

closest PGs compared with the GBDP-based tree, probably due to different evolutionary pressure on 

the core fraction versus the whole genome content. In the case of PGs 41 and 42, composed of R. 

rhodnii NBRC 100604T and R. rhodochrous NCTC 630, respectively, the high distance in the single-copy 

amino acid tree is also observed at the genomic level, being the earliest-diverging groups within the 

Rhodococcus genus (Figure 1). In addition, PG 41 and PG 28 (R. rhodnii NBRC 100604T and R. triatomae 

DSM 44892T, respectively) are clustered together in the amino acid-based phylogeny, which agrees 

with a previous report [20]. In the specific case of PG 4 (composed of Rhodococcus sp. X156 genome), 

the unusually high GC% content (72.2) of this genome could result in a biased codon usage [52], 

which might explain the differences between the GBDP-based tree and its high divergence in the 

amino acid-based phylogeny. 

Aside from these differences, both the GBDP and the amino acid-based analyses show a robust 

PG identity, maintain the same strain composition, and a similar phyletic pattern. 
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Figure 4. Maximum-likelihood phylogenetic tree of the Rhodococcus genus based on 212 single-copy 

amino acid sequences. PGs according to those identified in this study. Grey dots indicate PGs 

composed of multiple genomes. Bootstrap support is indicated above/below branches, not shown 

inside PGs. 

3.3. Genome Fractions of the Rhodococcus Genus 

The orthologous groups identified by the comparative analysis were used to identify the core 

genome, the pangenome and the strain-specific genome fractions. The core genome of the Rhodococcus 

genus, which consists of those OGs which are represented in all genomes (“hard” core), is composed 

of only 381 OGs (Figure 5a). However, given the number of genomes included in the study, a “soft 

core” where a high percentage of genomes are represented, rather than the 100%, is probably more 

accurate. Considering a presence in at least 99.16% of the genomes, we obtain a soft core of 1253 OGs 

that shifts to 1493 OGs when fixing the threshold to 98.73% of genomes (Figure 5a). 

Although there is no previous attempt to analyze the core genome of the Rhodococcus genus, but 

rather of certain groups [23,24], the number of “soft core” OGs is similar to that of other Actinobacteria 

genera. For example, analysis of 21 Mycobacterium genomes resulted in a core genome composed of 



Microorganisms 2020, 8, 774 9 of 16 

 

ca. 1250 OGs [53], while 17 Streptomyces species (different bacterial order than Rhodococcus and 

Mycobacterium) present a core of 2018 OGs [54]. Core-genome size depending on the number of 

genomes sampled, as represented in Figure 5a, shows a rapid decrease in the number of OGs within 

the first randomly sampled genomes, and an asymptote is almost reached when considering the total 

237 genomes used in the study. 

 

Figure 5. Genome fractions of the Rhodococcus genus. Core genome (a), strain-specific (b), and 

pangenome (c) analysis representing mean values (line) and Q1 and Q3 quantiles (shadow) over 300 

replicates of 237 randomly sampled genomes. In the case of core genome, values at a different 

percentage of genomes sampled is indicated with dashed lines. Red circles in (a) and (c) indicate the 

maximum number of OGs achieved (below/above the red circle). 

The strain-specific genome fraction, represented as a function of the number of new OGs over 

sequentially added genomes (Figure 5b), also shows a rapid reduction within the first 50 sampled 

genomes, and then slowly decreases to reach an average of 33 OGs within 237 genomes. This implies 

that within 50 genomes, most of the Rhodococcus shared genetic content is achieved and more 

genomes would only add specific sequences, which is congruent with the 42 PGs identified in this 

study. However, the fact that on average each Rhodococcus adds 33 specific OGs and the high standard 

deviation observed in the strain-specific curve (Figure 5b) indicate that more genomes will keep 

increasing the overall genetic diversity of Rhodococcus. This is further evidenced in the pangenome 

curve, which reaches 26,080 OGs within the 237 sampled genomes (Figure 5c) and keeps a positive 

slope, being an “open” pangenome. The pangenome size of the Rhodococcus genus is similar to that 

reported in Mycobacterium and Streptomyces, composed of ca. 20,000 and 34,592 OGs, respectively 

[53,54]. 
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3.4. Distribution of PAHs and Alkane Degradation Genes 

Rhodococcus strains have the ability of degrading multiple organic compounds, including PAHs, 

dioxin and dioxin-like compounds, and different chain-length n-alkanes [10–12]. Degradation of 

aromatic compounds is commonly carried out by Rieske 2Fe-2S dioxygenase systems, including 

those involved in biphenyl/PCBs, ethylbenzene, and naphthalene degradation (bph, etb and nah gene 

clusters), which present a wide range of substrate specificity and have been reported in multiple 

Rhodococcus strains [11,33,55,56]. Rhodococcus genomes can simultaneously possess several of these 

systems [13,32]. Among them, Rhodococcus sp. WAY2 contains 5 different clusters putatively involved 

in the degradation of many aromatic compounds and a tmo gene cluster putatively involved in the 

conversion of toluene into p-cresol [32,57]. The OGs, which include the genes of these clusters in 

WAY2, were searched to address their distribution within the Rhodococcus genus and are shown in 

Figure 6a. Alpha subunits of these Rieske 2Fe-2S dioxygenases (BphA1a, BphA1b, EtbA1a, EtbA1b, 

and NahA1) are widely distributed within the genus PGs. However, they are missing from PGs 3, 20, 

28, 33, and 34, and partially present in PGs 12, 13, and 18. Interestingly, the beta subunits of these 

dioxygenases (BphA2a, BphA2b, EtbA2a, EtbA2b, and NahA2a) have a more discrete distribution, 

being only present in 15 PGs (5, 6, 16, 17, 21, 22, 26, 30, 31, 35, 36, 37, 38, 39, and 41) and partially 

present in another 4 PGs (2, 14, 23 and 29), which also harbor the alpha subunits (Figure 6a). These 

PGs contain known degraders of aromatic compounds, including R. jostii RHA1 (PG 22) [13] and 

Rhodococcus sp. WAY2 (PG 21) [32]. This finding suggests that the degradation of aromatic 

compounds might be restricted to these PGs, at least of those compounds whose biodegradation is 

initiated by Rieske ring-hydroxylating dioxygenases of the orthologous group analyzed. On the other 

hand, the tmo gene cluster involved in the conversion of toluene to p-cresol [57] has a more limited 

distribution, being only present in PGs 42 and 21 and partially present in PGs 16 and 22 (Figure 6a), 

suggesting a specialized and distinctive metabolism of aromatic compounds in strains from these 

groups. 

Aliphatic compounds, on the other hand, can be degraded by several different pathways [58]. 

The first step is a monooxygenation catalyzed by soluble or particulate methane monooxygenases 

(sMMO or pMMO, respectively) for short chain n-alkanes [59,60], or alkane monooxygenases (AlkB) 

and long-chain alkane monooxygenases (LadA) for middle and long-chain n-alkanes, respectively 

[58,61–63]. The distribution of orthologous sequences of these genes and gene clusters within 

Rhodococcus PGs shows an interesting pattern (Figure 6b). AlkB and LadA are found in most of the 

PGs (except PG 33, which does not harbor any of these genes), which suggests that almost all 

Rhodococcus strains could putatively degrade middle to long-chain n-alkanes. Conversely, sMMO 

subunits are present in a more limited number of groups (PGs 8, 2, 7, 9, 17, 20, 21, 22, 24, 26, and 42). 

Interestingly, mmoC, which encodes the iron–sulfur component of sMMO [64], is found in other 

groups that do not contain the remaining sMMO subunits (Figure 6b). This could be explained by 

similar homology to other iron–sulfur electron transfer systems. Surprisingly, the pMMO system 

reported in Rhodococcus sp. WAY2 [32] is not found in any other PG or genome within the Rhodococcus 

genus, being a unique and distinctive feature of WAY2 (Figure 6b). It has been reported that pMMO 

has a narrow substrate specificity, oxidizing n-alkanes up to C5, preferentially at the C2 position [65], 

and it has been found in several putative aerobic methanotrophic bacteria [66]. The absence of this 

cluster in other rhodococci could imply a horizontal transfer event and a novel catabolic acquisition 

that distinguish this strain from any other Rhodococcus, although further analyses are required to 

prove this hypothesis and test its functionality in Rhodococcus sp. WAY2. 

Nonetheless, although, in this study, only the distribution of the main traits reported in 

Rhodococcus sp. WAY2 have been explored, other traits not found in WAY2 could also show a 

distinctive pattern among the rest of PGs in the genus, which require further analysis. 
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Figure 6. Distribution of orthologous groups (OGs) involved in aromatic (a) and aliphatic (b) 

compound degradation in Rhodococcus PGs. Color scale according to the fraction of genomes within 

each PG with the OG present. Colored boxes below enzyme names according to their cluster pattern 

in Rhodococcus sp. WAY2 (PG 21, highlighted in yellow and red typing). 

3.5. Diversity of Rieske 2Fe-2S Dioxygenases among Rhodococcus Genomes 

The diversity of Rieske 2Fe-2S dioxygenases has been previously analyzed, either in well-known 

and characterized sequences from different taxa [67,68] or in environmental samples [69,70]. We used 

the orthologous group containing these dioxygenases in the Rhodococcus genus to construct a 

phylogenetic tree, to assess their diversity within the genus. The orthologous group of these 

dioxygenases contains 567 sequences, of which 339 are not identical and were used to construct the 

phylogeny (Figure 7a). These sequences include biphenyl 2,3-dioxygenases, naphthalene 1,2-

dioxygenases, ethylbenzene 2,3-dioxygenases, phthalate 4,5-dioxygenases, 3-phenylpropionate 

dioxygenases, benzoate 1,2-dioxygenases, and other dioxygenases with known substrates (Figure 7a). 

Surprisingly most of the sequences constitute large and very diverse groups without known 

function/substrate annotated to date. All the sequences involved in the degradation of peripheral 

substrates (biphenyl, naphthalene, and ethylbenzene, among others) clustered together, along with 

certain groups of proteins with unknown substrate. Other groups of sequences involved in central 

aromatic metabolism (benzoate) or central nodes in aromatic degradation pathways (p-cumate, 

anthranilate, and terephthalate) also form distinct clusters. From the total of 339 unique sequences 

analyzed, the substrates of more than 200 remain unknown. 
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Figure 7. Rieske 2Fe-2S dioxygenase phylogenetic tree (a) and abundance of orthologous sequences 

(b) among Rhodococcus PGs. The unrooted maximum-likelihood tree was constructed with 339 unique 

sequences found in the OG with Rieske 2Fe-2S dioxygenases. Sequences of dioxygenases (DO) with 

known function/substrate are highlighted in blue, and those without known function/substrate are 

highlighted in grey. Dots indicate bootstrap support higher than 75%. The number of orthologous 

Rieske 2Fe-2S dioxygenases found in each analyzed Rhodococcus genome are represented in the 

barplot. 

On the other hand, the number of orthologs found in each of the genomes analyzed differs 

widely (Figure 7b). The PGs that harbor the highest number of Rieske 2Fe-2S dioxygenases are those 

of known degraders of aromatic compounds. For example, R. jostii RHA1 [13], R. opacus strains B4 

[71], and R7 [72], all included in PG 22, contain 12, 11, and 9 Rieske 2Fe-2S dioxygenase orthologs, 

respectively. Similarly, Rhodococcus sp. WAY2 [32] and Rhodococcus sp. S2-17, forming PG 21, contain 

13 and 15 of these dioxygenases, respectively (Figure 7b), S2-17 being the strain with the highest 

number of Rieske 2Fe-2S dioxygenases identified. Therefore, there are probably novel functions and 

substrates that remain undiscovered within the large number of uncharacterized dioxygenases 

present in Rhodococcus genomes, which is consistent with the diversity of novel and not functionally 

characterized dioxygenases usually found in environmental studies [69,70]. 
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4. Conclusions 

The diversity of the Rhodococcus genus is reflected in the 42 phylogenomic groups (PGs) and 83 

species clusters that are identified within more than 300 sequenced genomes. The number of PGs and 

species are likely to increase with the sequencing of more strains. Comparative genomic analysis 

shows a high degree of genetic diversity reflected in a small core genome of 381 orthologous groups 

and a large open pangenome of 26,080 PGs. The distribution of biodegradative traits among 

Rhodococcus PGs shows that although many of the Rhodococcus strains could potentially catabolize 

aromatic and aliphatic compounds, short-chain n-alkanes biodegradation is limited to a certain 

number of groups, and specialized metabolism of these alkanes is present in Rhodococcus sp. WAY2. 

Finally, the high number and diversity of Rieske 2Fe-2S dioxygenases with unknown substrate 

among rhodococci genomes makes the discovery of novel aromatic compounds’ degradation a 

possibility that requires further exploration. 
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