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Abstract
The taxonomic position of Rhodococcus strain RHA1, an effective degrader of polychlorinated biphenyls with a large linear chromosome, was established using a polyphasic approach. The morphological and chemotaxonomic properties of the strain were typical of members of the genus Rhodococcus. The strain shared a high level of 16S rRNA sequence similarity (99.9%) with the type strain of Rhodococcus jostii, a member of the Rhodococcus erythropolis subclade. The two strains shared a DNA:DNA relatedness value well above the cut-off point recommended for the circumscription of genomic species and had a broad range of phenotypic properties in common. The combination of genomic and phenotypic data show strain RHA1 to be a bona fide member of the species Rhodococcus jostii. 
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Introduction

The remarkable catabolic diversity of members of the genus Rhodococcus can be attributed to the presence and mobility of large linear plasmids. The genome of Rhodococcus strain RHA1, a potent polychlorinated biphenyl-degrading soil actinomycete (Masai et al. 1995; Seto et al. 1995), consists of a chromosome and three large linear plasmids, pRHI.1 (100 kb), pRH1.2 (450 kb) and pRH1.3 (330 kb) (McLeod et al. 2006). This organism shows extraordinary catabolic diversity including an ability to metabolise halogenated hydrocarbons, ketoaromatic compounds and steroids (Yam et al. 2011). The importance of naming industrially significant Rhodococcus strains is often overlooked despite improvements in the classification of the genus which can be attributed to the implementation of polyphasic taxonomic procedures and adherence to the Rules of Nomenclature (Whitman 2011; Jones and Goodfellow 2012). 
The present study was designed to establish the taxonomic status of strain RHA1, an organism isolated from a soil contaminated with lindane and assigned to the genus Rhodococcus (Masai et al. 1995; Seto et al. 1995). The strain was the subject of a polyphasic study and shown to belong to the validly published species, Rhodococcus jostii, the type strain of which was isolated from a medieval grave (Takeuchi et al. 2002).

Materials and methods
Strains, maintenance and cultivation conditions

Strain RHA1 was isolated on W minimal salt medium (Kimbara et al. 1989) supplemented with biphenyl (0.5%, w/v) following inoculation with a suspension of γ-hexachlorocyclohexane and incubation at 30°C (Masai et al. 1995). Both the strain and Rhodococcus jostii DSM 44719T were maintained on glucose-yeast extract agar (GYEA; Gordon and Mihm 1962) at room temperature and as glycerol suspensions (20%, v/v) at -20°C. Biomass for the chemotaxonomic and molecular systematic studies was grown in GYE broth for 5 days at 28oC, checked for purity and cells harvested by centrifugation. Biomass for the chemosystematic studies was washed twice in distilled water and freeze-dried and that for the molecular systematic procedures in EDTA / NaCl buffer (0.1M EDTA, 0.1M NaCl; pH 8.0) and stored at -20oC until required.
Molecular systematic studies
The phylogenetic position of strain RHA1 was determined by comparison of the 16S rRNA gene sequence, obtained from the RHA1 whole-genome study (McLeod et al. 2006), and representatives from the order Corynebacteriales (Goodfellow and Jones 2012). For comparative purposes, genomic DNA was extracted from R. jostii DSM 44719T and PCR amplification and 16S rRNA gene sequencing achieved using procedures described previously (Kim et al. 1996). The resultant, almost complete 16S rRNA gene sequence (1420 nucleotides [nt]) along with the 16S rRNA gene sequence from the RHA1 genome was aligned manually against corresponding sequences of representatives of genera classified in the order Corynebacteriales, retrieved from the DDBJ/EMBL/GenBank databases, using the pairwise alignment option in the MEGA5 program (Tamura et al. 2011). Phylogenetic trees were inferred using the maximum-parsimony (Kluge and Farris 1969), maximum-likelihood (Felsenstein 1981) and neighbour-joining (Saitou and Nei 1967) tree-making algorithms from the MEGA5 software. The Jukes and Cantor (1969) model was used to generate an evolutionary distance matrix for the neighbour-joining algorithm. Topologies of the resultant unrooted trees were evaluated by bootstrap analysis of the neighbour-joining data (Felsenstein 1985) based on 1000 replicates using the MEGA 5 software. 

The DNA:DNA relatedness value (ΔTm) between strain RHA1 and R. jostii DSM 44719T, its nearest phylogenetic neighbour, was determined using a fluorigenic procedure (Gonzalez and Sant-Jimenez 2005); the optimal temperature for renaturation (Tm) was established using the equation Tor – 0.51 (%GC) + 47. The melting temperature (Tm) at which 50% of the initial double-stranded DNA denatured into single-stranded DNA for strain RHA1 gDNA and for strain RHA1 / R. jostii DSM 44719T hybrid DNA preparations was compared and the difference (ΔTm) calculated. 
Chemotaxonomy and morphology

Strain RHA1 was examined for chemotaxonomic, cultural and morphological properties considered to be typical of the genus Rhodococcus (Jones and Goodfellow 2012). Cultural and morphological properties were determined according to Jones et al. (2004). Standard chromatographic procedures were used to determine the isomers of diaminopimelic acid (Staneck and Roberts 1974), predominant menaquinones (Collins 1994), muramic acid type (Uchida et al. 1999), polar lipids (Minnikin et al. 1984), diagnostic whole-cell sugars (Schaal 1985) and fatty acids (Sutcliffe 2000), using appropriate controls. The alkaline methanolysis procedure was used to detect mycolic acids (Minnikin et al. 1980) using Rhodococcus rhodochrous DSM 43241T as positive control.

Phenotypic tests

Strain RHA1 and R. jostii DSM 44719T were examined for phenotypic properties known to be of value in rhodococcal systematics (Goodfellow et al. 1990; Jones and Goodfellow 2012). All of the test media were incubated at 28oC for up to three weeks, apart from the temperature tests, following the addition of a standard inoculum equivalent to 2.5 on the McFarland scale (McFarland 1907).
Results and discussion

Strain RHA1 was assigned to the Rhodococcus erythropolis 16S rRNA gene clade, a result supported by all of the tree-making algorithms and by a bootstrap value of 99% in the neighbour-joining analysis (Fig. 1). The organism had chemotaxonomic properties consistent with its classification in the genus Rhodococcus (Jones and Goodfellow 2012) as it contained meso-diaminopimelic acid, arabinose and galactose in whole-organism hydrolysates (wall chemotype IV; Lechevalier and Lechevalier 1970); N-glycolyl muramic acid in the peptidoglycan; dihydrogenated menaquinones with eight isoprene units as the sole isoprenologue (MK 8 [H2]; diphosphatidylglycerol, phosphatidylethanolamine (taxonomically significant component), phosphatidylinositol and phosphatidylinositol mannosides as major phospholipids (type 2 phospholipid pattern; Lechevalier et al. 1981); major proportions of C14:0, C15:0, C16:1, C16:0, C17:1, C17:0, C18:1, C18:0 and 10-Me-18 (tuberculostearic acid); (fatty acid type 1b; Kroppenstedt 1985) and mycolic acids that co-migrated with those extracted from R. rhodochrous DSM 47241T. 
Strain RHA1 and R. jostii NBRC 16295T formed a distinct subclade in the R. erythropolis 16S rRNA gene tree, a relationship which was supported by all of the tree-making algorithms and a 99.9% bootstrap value. The ∆Tm between strain RHA1 gDNA and strain RHA1 / R. jostii DSM 44719T hybrid DNA was 2oC a result which corresponds to a DNA:DNA relatedness similarity of 87% (Gonzalez and Sait-Jimenez 2005), a value well above the 70% cut-off point recommended for the delineation of bacterial species (Wayne et al. 1987). In addition, strain RHA1 and R. jostii DSM 44719T have very similar DNA G+C ratios, namely 67.0% and 67.4% respectively (Takeuchi et al. 2002; McLeod et al. 2006). These strains gave identical results in the phenotypic tests in which they showed an ability to use a broad range of sole carbon and sole carbon and nitrogen sources (Table 1).
It is evident from the DNA:DNA pairing data that strain RHA1 and R. jostii DSM 44719T belong to the same genomic species, an association which is supported by the 16S rRNA gene sequence and a broad range of phenotypic data, nevertheless the ability of strain RHA1 to degrade polychlorinated biphenyls is not shared by R. jostii DSM 44719T (J. Davies pers. coms.). It can, therefore, be concluded that strain RHA1 belongs to the species R. jostii (Takeuchi et al. 2002), a member of the R. erythropolis 16S rRNA gene clade (Jones and Goodfellow 2012). 
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	Table 1. Phenotypic properties of strain RHA1 and Rhodococcus jostii DSM 44719T

	
	RHA 1
	R .jostii

DSM 44719T
	
	RHA 1
	R .jostii

DSM 44719T

	
	
	
	

	Morphogenetic sequencea
	R-C
	H-RC
	Growth on sole carbon (0.1 %, W/V):

	
	
	
	     Vanillin
	+
	+

	Degradation tests:
	
	
	     Sodium acetate
	-
	-

	     Elastin
	+
	+
	     Sodium Adipate
	-
	-

	     Hypoxanthine 
	+
	+
	     Sodium benzoate
	+
	+

	     Xanthine 
	+
	· +
	     Sodium citrate
	+
	+

	
	
	
	     Sodium formate
	-
	-

	Growth on sole carbon sources (1 %, W/V):
	     Sodium glutamate
	+
	+

	     Amygdalin
	+
	+
	     Sodium glutarate
	-
	-

	     iso-Amyl alcohol
	+
	+
	     Sodium malate
	-
	-

	     D-Arabinose
	+
	+
	     Sodium oleate
	+
	+

	     L-Arabinose
	+
	+
	     Sodium propionate
	+
	+

	     D-Arabitol
	+
	+
	     Sodium pyruvate
	+
	+

	     L-Arabitol
	+
	+
	     Sodium sebacate
	-
	-

	     Arbutin
	+
	+
	     Sodium succinate
	+
	+

	     Butane-1,3-diol
	+
	+
	     Sodium tartrate
	-
	-

	     Butane-1,-diol
	+
	+
	     Sodium valerate
	-
	-

	     2,3-butanediol
	+
	+
	     Spermine
	-
	-

	     Cellobiose
	+
	+
	
	
	

	     Dextrin
	+
	+
	Growth on sole carbon and nitrogen (0.1 %, W/V):

	     Dulcitol
	+
	+
	     L-Alanine
	+
	+

	     Meso-erythritol
	+
	+
	     L-Asparagine
	+
	+

	     Ethanol
	+
	+
	     L-Arginine
	+
	+

	     Fructose
	+
	+
	     L-Asparatic acid
	+
	+

	     Galactose
	+
	+
	     Benzamide
	+
	+

	     Glucose
	+
	+
	     D-Cysteine
	+
	+

	     Glycerol
	+
	+
	     Ethanolamine
	-
	-

	     D-Glucosamine
	+
	+
	     D-Glucosamine
	+
	+

	     Myo-Inositol
	+
	+
	     L-Glutamic acid
	+
	+

	     Inulin
	+
	+
	     Glycine
	+
	+

	     Lactose
	+
	+
	     L-histidine
	-
	-

	     Maltose
	+
	+
	     L-Leucine
	+
	+

	     Mannitol
	+
	+
	     L-Lysine
	+
	+

	     Melezitose
	+
	+
	     DL-norLeucine
	+
	+

	     Melibiose
	+
	+
	     DL-norvaline
	
	

	     1,2-propanediol
	+
	+
	     L-Ornithine
	+
	+

	     Raffinose
	+
	+
	     L-phenylalanine
	+
	+

	     Ribose
	+
	+
	     L-Proline
	+
	+

	     Salicin
	+
	+
	     L-Serine
	+
	+

	     Sorbose
	+
	+
	     L-Threonine
	+
	+

	     Trehalose
	+
	+
	     L-Tryptophane
	+
	+

	     Xylose
	+
	+
	     L-Tyrosine
	+
	+

	
	
	
	     Urea
	-
	-

	Growth on sole carbon (0.1 %, W/V):
	     L-Valine
	-
	-

	     Anthranilic acid
	-
	-
	
	
	

	     Betaine
	+
	+
	Growth at:
	
	

	     iso-Butyrate
	-
	-
	     10°C
	+
	+

	     D-Galacturonic acid
	-
	-
	     30°C
	+
	+

	     D-Glucuronic acid
	-
	-
	     37°C
	-
	-

	a EB-R-C, elementary branching-rod-coccus growth cycle; R-C, rod-coccus growth cycle; H-R-C, hypha-rod-coccus growth cycle. +, positive;  -, negative.


Legend for Figure

Fig1. Neighbour-joining tree based on a nearly complete 16S rRNA genes showing relationships between strain RHA1 and the type strains of Rhodococcus spp. Asterisks indicate branches of the tree that were also found with the maximum-likelihood and maximum-parsimony tree-making algorithms; L and M indicate branches found using the maximum-likelihood and maximum-parsimony methods, respectively. Numbers at the nodes indicate levels of bootstrap support (%) based on a neighbour-joining analysis of 1000 re-sampled datasets; only values above 50% are given. Scale bar equals 10 substitutions per nucleotide position. T, type strain. 
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