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Abstract
The success of members of the genus Rhodococcus in colonizing arid rocky environments is owed in part to desiccation 
tolerance and an ability to extract iron through the secretion and uptake of siderophores. Here, we report a comprehensive 
genomic and taxonomic analysis of Rhodococcus qingshengii strain S10 isolated from eathered serpentine rock at the arid 
Khalilovsky massif, Russia. Sequence comparisons of whole genomes and of selected marker genes clearly showed strain 
S10 to belong to the R. qingshengii species. Four prophage sequences within the R. qingshengii S10 genome were identified, 
one of which encodes for a putative siderophore-interacting protein. Among the ten non-ribosomal peptides synthase (NRPS) 
clusters identified in the strain S10 genome, two show high homology to those responsible for siderophore synthesis. 
Phenotypic analyses demonstrated that R. qingshengii S10 secretes siderophores and possesses adaptive features (tolerance 
of up to 8% NaCl and pH 9) that should enable survival in its native habitat within dry serpentine rock.
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Members of the genus Rhodococcus (phylum Actinobac-
teria, family Nocardiaceae) can degrade and transform a 

range of environmental pollutants or synthesize compounds 
with commercially useful applications (Christofi and Ivshina 
2002). Over the past 20 years, rhodococci have found pre-
dominant use as a bioremediation and bioconversion tool 
with relatively little attention given to their potential for bio-
synthesis of natural products for use in the pharmaceutical 
and agricultural sectors (Ceniceros et al. 2017).

Along the spectrum of rhodococcal metabolites, there 
are several hydroxamate- and catecholate-type sidero-
phores, including heterobactins, rhodobactin, rhodochelin, 
rhequichelin and rhequibactin (Bosello et al. 2011, 2013; 
Carrano et al. 2001; Dhungana et al. 2007; Miranda-CasoL-
uengo et al. 2008). Siderophores also find numerous applica-
tions in ecology (increasing iron availability to soil microor-
ganisms), agriculture (biological control of plant pathogens 
and plant growth promotion), bioremediation (detoxifying 
heavy metal contaminated sites), and medicine (regulation 
of oxidative stress, providing of antibacterial activity, medi-
ating delivery of antibiotics to antibiotic resistant bacteria, 
treatment of iron overload diseases, antimalarial activity, 
and cancer therapy) (Johnstone and Nolan 2015; Saha et al. 
2016).
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Rhodococci are ubiquitous members of microbial com-
munities in different terrestrial ecosystems with different 
water availability (Alvarez 2019). Arid rocky environments 
present harsh living conditions for bacteria, with extreme 
fluctuations of pH, temperature, moisture and nutrient avail-
ability (Gadd 2010). Mechanisms of bacterial acclimation 
to extremely low water content include up-regulation of 
genes responsible for the synthesis of proteins participat-
ing in oxidative stress responses and protein stabilization 
and increasing production of extracellular polysaccharides 
and concentrations of intracellular solutes (Potts 1994). For 
instance, the desiccation-tolerant Rhodococcus jostii strain 
RHA1 responds to drying by upregulating transcription of 
the genes encoding the oxidative stress protection protein 
dps1, two sigma factors, and the biosynthetic pathway for 
the compatible solute ecotine (LeBlanc et al. 2008).

We previously characterized the geochemistry and 
microbial communities of latitudinal samples from a core of 
weathered serpentine rock drilled at the Khalilovsky massif, 
Russia (Latitude: N 51°30′ Longitude: E 58° 11′) (Khilyas 
et al. 2019). Strain S10 was isolated from a colony on Luria 
Agar (LA) agar that had been plated with aqueous rinsate 
of crushed rock taken from the 10-cm core depth. Cells of 
strain S10 were rod-shaped (0.6–0.7 µm wide, 2–5 µm long; 
Fig. S1), Gram-positive, non-sporulating and non-motile 
and formed small (0.5–1.0 mm), round and semitransparent 
colonies with a smooth shape and glistening surface after 
24 h of cultivation on LA at 30 °C.

Genomic DNA from strain S10 was extracted from 
an overnight LB-grown culture using the Fast DNA™ SPIN 
Kit (MP Biomedicals, USA). A paired-end DNA library was 
prepared using the TruSeq DNA HT Library Preparation 
kit (Illumina) according to manufacturer guidelines. Whole-
genome sequencing was carried out by Miseq sequencing 
platform (Illumina) with 250 bp read length and the quality 
of the raw sequence reads was evaluated by FastQC package 
(v0.11.3) (Andrews 2010). The genome had an average 
246X sequencing coverage. Overrepresented and low-
quality sequences were removed using Trimmomatic (v0.36) 
(Bolger et al. 2014). The whole genome was assembled using 
Ray (v2.3.1) software with different k-mer sizes (Pevzner 
et al. 2001). The k-mer-based correctness is counted in the 
QUAST (v4.6.2) program (Gurevich et al. 2013). Genome 
annotation was performed by Rapid Annotation using 
Subsystem Technology (RAST 2.0) server, Prokka (v1.13) 
annotation pipeline and the NCBI Prokaryotic Genomes 
Annotation Pipeline (PGAP) version 4.8 (Aziz et al. 2008; 
Tatusova et al. 2016). The PGAP and RAST annotations 
resulted in minor differences (Table S1). The genome coding 
density was 90.6% (completeness 99.9% and contamination 
0.31%) with an average gene length of 945.9 bp. The size 
of the assembled near-complete genome of strain S10 was 
7,184,029 bp, comprising 64 contigs, with a G + C content 

of 62.4%. Strain S10 contained 6,834 predicted genes, 6,564 
putative coding sequences (CDS), 16 rRNAs, 53 tRNAs and 
3 ncRNAs. The RAST annotation of the strain S10 genome 
revealed 7069 coding regions, among them 2330 (33%) 
functionally annotated (Fig. S3). The genome contains 
154 genes involved in stress responses and 21 genes in iron 
acquisition and metabolism (Fig. S3).

Pairwise sequence similarities calculated using 16S 
rRNA genes available via the GGDC web server (https ://
ggdc.dsmz.de/) showed that strain S10 clusters with the R. 
qingshengii species group (Fig. S2).

To better establish the taxonomic position of strain S10 
and assess its genome-encoded and expressed physiologic 
capabilities, we conducted a variety of in  situ genome 
sequence comparisons as well as phenotypic tests. The 
Average Nucleotide Identity (ANI) of the strain S10 genome 
was analyzed using EDGAR (Blom et  al. 2016). ANI 
values ≥ 97.98% were obtained with genomes assigned to 
R. qingshengii (Fig. S4). In silico DNA–DNA hybridization 
(DDH) comparisons with GGDC2.0 (Meier-Kolthoff et al. 
2013) between the genome of strain S10 and other accessible 
Rhodococcus genome sequences in GenBank indicated 
the closest match to Rhodococcus jialingiae djl-6–2 (a 
homotypic synonym of Rhodococcus qingshengii) with an 
estimated DDH value (high-scoring segment pair length/
total length, generalized linear model-based) of 81.6% 
and to the R. qingshengii type strain (JCM 15477) with 
an estimated DDH value of 74.6% (Fig. S5). Comparative 
genomic analysis of coding sequence regions (CDSs) in R. 
qingshengii strains, performed using a web server for the 
analysis of large-scale microbial genomics data (https ://
micro biali zer.tau.ac.il), revealed 6889 orthologous CDSs 
(Avram et al. 2019). It was found that 95.5% and 94.6% of 
the ORFs in the S10 genome have homologs in the genomes 
of R. qingshengii RL1 and R. qingshengii BKS 20–40, 
respectively (Table S2).

MultiLocus Sequence Analysis (MLSA) of strain S10, 
based on conserved marker genes (ftsY, infB, rpoB, rsmA, 
secY, tsaD, and ychF) within the subclass Actinobacteri-
dae (Creason et al. 2014), was performed using the Gall-ID 
platform (Stamatakis 2014). The resulting phylogenetic tree, 
based on sequence alignments with R. erythropolis PR4 as a 
reference strain, was consistent with the tree generated from 
whole-genome alignments (Fig. S6). Gyrase B (gyrB) and 
catechol 1,2-dioxygenase (catA) gene sequence compari-
sons, in conjunction with DDH analysis, have been applied 
to establish species identity of R. quingshengii strains (Tanc-
sics et al. 2014). The gyrB and catechol 1,2-dioxygenase 
catA of strain S10 share 99.09% and 99.81% gene homol-
ogy, respectively, with the homologs in the type strain of 
R. qingshengii (DSM 4522). Thus, all of the many genetic 
sequence comparison methods we applied consistently 

https://ggdc.dsmz.de/
https://ggdc.dsmz.de/
https://microbializer.tau.ac.il
https://microbializer.tau.ac.il
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indicated strain S10 to be an isolate of Rhodococcus 
qingshengii.

A core genome-based phylogeny was created using the 
EDGAR platform. The core genome of 17 genomes was cal-
culated, resulting in 2958 core genes per genome (50,826 
CDS in total) with 920,028 amino acid residues per genome 
(15,640,476 in total). The core gene sets were aligned using 
the MUSCLE software (Edgar 2004). The resulting align-
ments were concatenated and used as input for the Fast-
Tree 2.1 approximate maximum likelihood method (Price 
et al. 2010). The generated tree topology, verified using the 
built-in Shimodaira-Hasegawa (SH) test (Shimodaira and 
Hasegawa 1999), showed strain S10 to fall within the mono-
phyletic R. qingshengii cluster (Fig. 1). Pan-genome analy-
sis of the 9 R. qingshengii genomes was carried out using 
Roary (Fig. S7) (Page et al. 2015). A total of 13,564 gene 
clusters were found: 4925 core genes (36.3%), 6467 acces-
sory genes (cloud; 47.7%) and 2172 genes found in two or 
more genomes (shell; 16.0%) (Fig. S7A). The total number 
of genes in the pan-genome does not reach a plateau after 
adding a number of genomes of R. qingshengii strains (Fig. 
S7B). Thus, R. qingshengii strains have an open pan-genome 
with high genomic plasticity within this species (Sitto and 
Battistuzzi 2019). To visualize the differences between 
genomes, a presence–absence matrix was created (Fig. 
S7C). The unique gene clusters found for the R. qingshengii 
S10 are highlighted. Among 1116 unique genes in the R. 
qingshengii S10 genome, three Universal stress proteins, 
General stress protein 16U, and two putative siderophore-
binding lipoproteins YfiY were found (Table S6). The strain-
specific genomic difference of pan-genome of R. qingshengii 
strains was analyzed using eggNOG-mapper v2 (Fig. S7D) 

(Huerta-Cepas et al. 2017). Annotation for 10,800 protein 
sequences was performed. A significant fraction of the pro-
teins is associated with transcription (K; 1102 genes), amino 
acid transport and metabolism (E; 973 genes), lipid trans-
port and metabolism (I; 833 genes), replication, recombina-
tion and repair (L; 816 genes), and inorganic transport and 
metabolism (P; 741 genes).

The PHAge Search Tool (PHAST) web server was used 
to identify prophage sequences within the R. qingshengii  
strain S10  genome (Zhou et  al. 2011). Four prophage-
like regions containing 8–10 CDSs with the average size 
41.7 kb were found. One of the regions includes non-phage 
like protein (siderophore-interacting protein) (highlighted 
blue in Table S3). Prophages contribute to genetic diversity 
of bacterial genomes and increase a fitness effect on 
chromosome organization.

Twenty biosynthetic gene clusters were predicted to be 
present in the genome of strain S10 by the antiSMASH soft-
ware (Blin et al. 2019). Among those, two putative polyke-
tide synthases (PKSs) and ten putative NRPSs gene clusters 
were identified. Two NRPS clusters have high sequence 
homology to clusters known to encode for siderophore pro-
duction. One cluster has 100% similarity to the heterobac-
tin gene cluster found in R. qingshengii BKS 20–40, Rho-
dococcus sp. ADH, and R. erythropolis SK121, while the 
second cluster has 57% similarity to the erythrochelin gene 
cluster of R. qingshengii BKS 20–40 and R. erythropolis 
CCM2595. We also showed that R. qingshengii S10 can 
produce siderophores in chrome azurol S (CAS) agar and in 
liquid M9 medium under iron-limiting conditions (Fig. 2) 
using the methods of Arnow (1937).

Fig. 1  Core-genome-based 
phylogenetic tree of 17 Rho-
dococcus genomes. The core 
gene sets were aligned using 
the MUSCLE software. A 
maximum-likelihood phylo-
genetic tree was built using 
FastTree 2.1 as implemented in 
the EDGAR platform. The final 
alignment included the amino 
acid sequences of 2958 core 
genes per genome present in 
the core-genome of the selected 
bacteria, 50,286 in total. Con-
servation values are shown at 
the branches. Branches without 
values have a perfect SH score 
of 1.000. Asterisks indicate type 
strains. Rhodococcus enclensis 
is a homotypic synonym of 
Rhodococcus qingshengii (San-
gal et al. 2019)
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Cells of strain S10 were inoculated into Biolog GEN 
III microplates to test for consumption of carbon sources, 
polymers, and amino acids, sensitivity to antibiotics and 
antiseptics, and growth under different pHs and salt con-
centrations (Bochner et  al. 2001). Among all GEN III 
microplate tested substrates, R. gingshengii S10 was meta-
bolically inactive only in the presence of polymers (dex-
trin, gelatin and pectin), d-sorbitol, p-hydroxy-phenylacetic 
acid, γ-aminobutyrate, α-hydroxybutyrate, d-maltose, d-raf-
finose (Table S4). Antibiotic resistance was found only to 
the monobactam aztreonam. Cells grew in the presence of 
NaCl at up to 8% and at a pH range of 5–9. Cells were nega-
tive for oxidase, gelatin liquefaction, and nitrate reduction, 
while positive for catalase and urease production. No hemo-
lytic activity was observed on Columbia agar with 5% sheep 
blood (Bio-Rad) and cells did not form colonies on standard 
bile-esculin agar (BD Biosciences). Results of biochemical 

tests comparing R. qingshengii S10 with other strains in the 
R. qingshengii–R. degradans species group are presented 
in Table 1.

The presence of osmostress-responsive genes in the 
genome of R. gingshengii S10 may indicate physiologi-
cal adaptation to desiccation or hypersaline conditions. 
The ectABC genes of the pathway for ectoine biosynthesis 
(NCBI protein accession numbers THJ71464, THJ71463, 
THJ71462, respectively) are located close together in the 
genome S10 but are distant from the ectD gene (THJ65743), 
which encodes for an enzyme that hydroxylates ectoine to 
hydroxyectoine. Another solute involved in tolerance to high 
salinity, temperature fluctuations and desiccation stress is 
trehalose (Leon et al. 2018). Twelve genes from biosynthetic 
pathways involved in trehalose synthesis were identified in 
the R. gingshengii S10 genome and a trehalose pathway map 
was reconstructed using the Kyoto Encyclopedia of Genes 

Fig. 2  Production of catecholate siderophores (a) and growth of R. qingshengii S10 (b) under iron-limited conditions. Error bars represent the 
standard deviation of duplicate experiments

Table 1  Comparative 
characteristics of selected 
strains within the R. 
qingshengii–R. degradans 
species group

 + positive; − negative; w weakly positive; ND not determined

Characteristic R. qingshengii S10 R. qingshengii sp. 
nov. djl-6 T

R. erythropolis M1 R. degradans 
strain CCM 
 4446 T

Gelatin liquefaction – ND – –
Dextrin  −  + ND ND
Tween 40/80  + / +  + / + ND/ +  + / + 
Urea hydrolysis  +  +  −  − 
Nitrate reduction  −  −  +  − 
Oxidase  −  −  −  − 
Catalase  +  +  +  + 
Reference This study Xu et al. 2007 Goswami et al. 2005 Švec et al. 2015
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and Genomes (KEGG) mapping tool (Fig. S8, Table S5) 
(Kanehisa and Goto 2000).

BLAST comparison of the desiccation tolerance-
related dps1 gene sequence (Non-specific DNA-binding 
protein Dps/Iron-binding ferritin-like antioxidant protein/
Ferroxidase; NCBI gene accession number WP_003943731) 
of R. qingshengii S10 revealed 78.83% identity with the dps1 
of R. jostii RHA1 (NCBI gene accession number 4224921) 
(LeBlanc et al. 2008).

Hydrophobicity of the R. gingshengii S10 cell surface 
was measured by the salt aggregation test (SAT), which is 
based on the ability of bacterial cells to form autoaggregates 
in ammonium sulfate solutions of various molarities 
(0.02–4.0, pH 6.8) (Ljungh et al. 1985). R. quingshengii S10 
aggregated in the range of 0.1–0.4 M ammonium sulfate, 
indicating a high surface hydrophobicity that confers an 
ability to migrate to the hydrophobic layer in organic-
aqueous systems.

R. gingshengii S10 was deposited under the strain 
accession number Ac-2085 in the Russian National 
Collection of Industrial Microorganisms (VKPM).

Nucleotide sequence accession number This whole-
genome shotgun project has been deposited at DDBJ/ENA/
GenBank under the accession NZ_SSWN00000000.1.

The comprehensive genomic analysis identified bacterial 
strain 10, isolated from arid ultramafic rock, as Rhodococcus 
qingshengii. Strain S10 has characteristics associated with 
adaptation to desiccation, including tolerance to high NaCl 
levels, growth at alkaline pH, high cell wall hydrophobicity, 
the presence of genes for biosynthesis of ectoine and 
trehalose, and the dps1 gene. Moreover, the excretion of 
siderophores, demonstrated by the presence of biosynthetic 
gene clusters responsible for their synthesis and their 
accumulation in culture, provides cells means to extract 
metals from their mineral substrate.
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