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Abstract
Rhodococcus erythropolis CCM2595 is a bacterial strain, which has been studied for its capability to degrade phenol and 
other toxic aromatic compounds. Its cell wall contains mycolic acids, which are also an attribute of other bacteria of the 
Mycolata group, such as Corynebacterium and Mycobacterium species. We suppose that many genes upregulated by phenol 
stress in R. erythropolis are controlled by the alternative sigma factors of RNA polymerase, which are active in response to 
the cell envelope or oxidative stress. We developed in vitro and in vivo assays to examine the connection between the stress 
sigma factors and genes activated by various extreme conditions, e.g., heat, cell surface, and oxidative stress. These assays 
are based on the procedures of such tests carried out in the related species, Corynebacterium glutamicum. We showed that 
the R. erythropolis CCM2595 genes frmB1 and frmB2, which encode S-formylglutathione hydrolases (named corynomycolyl 
transferases in C. glutamicum), are controlled by SigD, just like the homologous genes cmt1 and cmt2 in C. glutamicum. 
The new protocol of the in vivo and in vitro assays will enable us to classify R. erythropolis promoters according to their 
connection to sigma factors and to assign the genes to the corresponding sigma regulons. The complex stress responses, such 
as that induced by phenol, could, thus, be analyzed with respect to the gene regulation by sigma factors.

Introduction

Many Rhodococcus strains are distinguished by their proper-
ties which are useful in biotechnological processes, such as 
biosynthesis, biodegradation, bioremediation, and biocon-
version (for reviews, see [1–3]). The production of lipids by 
Rhodococcus opacus PD630 [4], degradation of polychlorin-
ated biphenyls (PCB) by Rhodococcus jostii RHA1 [5], deg-
radation of hydrocarbons by Rhodococcus pyridinivorans 
5Ap [6], and conversion of acrylonitrile to acrylamide by 
Rhodococcus rhodochrous K22 [7] are prominent examples. 
In the course of these processes, rhodococci are affected 
by various stresses which may impair the efficiency of the 
corresponding biotechnology. For example, toxic effects of 

heavy metals were observed to decrease the efficiency of 
bioremediation of sites polluted with hydrocarbons by Rho-
dococcus strains [8]. A negative effect of oxidative stress on 
lipid production was also detected in an R. opacus PD630 
and R. jostii RHA1 co-culture grown on lignin as the sole 
carbon source [4]. Conversely, some compounds which play 
a role in the defense of bacterial cells are produced due to 
stress. The carotenoid pigments, which protect cells against 
oxidative stress, can be counted as such compounds [9].

The enzymes involved in the biodegradation of toxic 
aromatic compounds and many other biotechnological 
processes are generally well characterized in rhodococci, 
whereas the knowledge of regulators and mechanisms con-
trolling the gene expression connected to stress responses is 
still limited (for a review, see [10]). Sigma factors of RNA 
polymerase (RNAP) are the regulators which are involved 
in the control of each gene. In addition to the primary sigma 
factor (named σA in many Gram-positive species), that con-
trols transcription of most genes active during exponential 
growth, variable number of alternative sigma factors classi-
fied into groups 2, 3, and 4 occur in different bacterial spe-
cies [11]. Five stress sigma factors, classified as members of 
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group 4 of sigma factors (called also extracytoplasmic sigma 
factors, ECF σ), constitute the largest group of these RNAP 
subunits in Corynebacterium glutamicum, closely related 
to Rhodococcus species [12]. Rhodococcus erythropolis 
CCM2595, as an example of a Rhodococcus strain, has 19 
presumptive alternative sigma factors classified into group 
3 or 4 according to analysis of the genome sequences [13]. 
In R. jostii RHA1, as many as 32 out of 34 sigma factors are 
thought to belong to group 3 or 4 [14]. Despite their impor-
tance for the coordination of stress responses, very little is 
known about their functions and about the genes, which they 
regulate. Most of the consensus sequences of Rhodococcus 
promoters of various classes specifically recognized by indi-
vidual sigma factors have not yet been defined.

In R. jostii RHA1, the sigF1 and sigF3 genes (encoding 
the sigma factors of group 3) were found to be upregulated 
during heat, salt, and oxidative stresses [15]. We found that 
many genes under the control of four stress sigma factors 
were upregulated in response to phenol stress in the phenol-
degrading strain, R. erythropolis CCM2595 [10]. However, 
the functions of each sigma factor are not known.

In comparison to the few data known for the Rhodoc-
occus sigma factors, current knowledge of the functions 
of seven sigma factors in the related strain C. glutamicum 
ATCC13032 is much deeper (for a review, see [16]). For 
example, the roles of most group 4 sigma factors in stress 
responses in C. glutamicum have been uncovered: SigC is 
involved in enhancing tolerance to oxidative stress [16], 
while SigD regulates the expression of the genes involved 
in the mycolate synthesis and lysozyme stress response [17, 
18] and SigH mainly regulates the heat and oxidative stress 
response [19, 20]. Consensus sequences of the correspond-
ing promoter classes have been well defined [16, 18–20].

We have previously described the in vitro transcription 
system [21] and in vivo two-plasmid assay [22] for C. glu-
tamicum to analyze promoters of the stress-responsive C. 
glutamicum genes and sort them into the specific sigma-
controlled classes. In brief, the sig genes cloned in the plas-
mid vector pEC-XT99A were expressed, and the sigma pro-
teins bound to RNAP initiated transcription from promoters 
cloned in the promoter-probe plasmid vector pEPR1 (which 
replicated in the same cell) with gfpuv as a reporter gene 
[23]. The level of fluorescence intensity was then determined 
in the cell-free extracts. We documented that this system is 

particularly valuable for the analysis of promoters of the 
stress-responsive genes [22, 24].

In this study, we modified these procedures and used them 
for the analysis of promoters of the related species R. eryth-
ropolis. This new approach will also enable us to classify 
the respective R. erythropolis genes into sigma regulons and 
assess their functions in stress responses. The R. erythropo-
lis homologs of the SigD-dependent C. glutamicum genes 
cmt1 and cmt2 were chosen for testing this system. These 
genes encoding corynomycolyl transferases are involved in 
the synthesis of the mycolate-containing cell wall, which is 
typical for the Mycolata group of bacteria (e.g., Mycobac-
terium, Corynebacterium and Rhodococcus species). We, 
therefore, first searched for the R. erythropolis CCM2595 
homologs of cmt1 and cmt2 that have analogous functions.

Materials and Methods

Strains, Plasmids, Growth Conditions, 
and Oligonucleotides

Escherichia coli DH5α (Invitrogen, USA), used for cloning, 
and E. coli BL21 (DE3) (Thermo Fisher Scientific, USA), 
used for expression of the genes encoding R. erythropolis 
sigma factors were cultivated in 500-mL flasks containing 
60 mL of 2xYT medium (NaCl, 5 g/L, tryptone 16 g/L, 
yeast extract 10 g/L) [25] at 37 °C. Corynebacterium glu-
tamicum ATCC13032 (referred to here as C. glutamicum 
WT) was used as the host for measuring the activities of 
promoters inserted into the promoter-probe vector pEPR1 
[23]. Corynebacterium glutamicum rpoC-His10 was con-
structed in this study for the isolation of recombinant RNAP. 
Rhodococcus erythropolis CCM2595 was used as a source 
of chromosomal DNA, which served as a template for PCR 
amplification of the sig genes and promoters. Both C. glu-
tamicum WT and R. erythropolis CCM2595 were cultivated 
in 500-mL flasks with 60 mL of 2xYT medium at 30 °C. 
For the selection, antibiotics were added into the media: 
ampicillin (Ap; 100 μg/mL), tetracycline (Tc; 10 μg/mL), 
or kanamycin (Km; 30 μg/mL). The plasmids are shown in 
Table 1. The oligonucleotides are listed in Supplementary 
Table S1. Maps of the constructed plasmids are in Supple-
mentary Fig. S1.

Table 1   Plasmid vectors used in this study

Plasmid constructs for use of CRISPR-Cas9 technique are shown in Supplementary Fig. S1

Plasmid Characteristics Source

pEC-XT99A E. coli–C. glutamicum expression vector, TcR IPTG-inducible trc promoter [26]
pEPR1 E. coli–C. glutamicum promoter-probe vector, KmR, promoter-less gfpuv as a reporter [23]
pRLG770 E. coli vector, rrnB terminator, ApR, used for in vitro transcription analysis [27]
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Designations such as RNAPCg, RNAPRe, sigARe, sigDRe, 
sigHRe, or cmt2Cg are only used to avoid confusion.

DNA Manipulations

DNA isolation, DNA digestion by restriction enzymes, DNA 
ligation, PCR, and the transformation of E. coli were car-
ried out using the standard techniques [25]. Promoter DNA 
fragments were generated by annealing synthetized com-
plementary oligonucleotides. This synthetic DNA (Sigma-
Aldrich, Germany) produced double-stranded fragments 
around 70-nt in length, with overhangs ready for ligation 
with digested pRLG770 and pEPR1. The respective oligo-
nucleotide sequences are shown in Supplementary Table S1.

Engineering the CRISPR‑Cas9 Genome Editing 
System for C. glutamicum

To construct a suitable C. glutamicum strain for the easy 
isolation and purification of RNAP, we introduced a 10xHis 
tag at the C-end of RpoC by modifying the C. glutamicum 
chromosome using the CRISPR-Cas9 genome editing tech-
nique. We chose the single-plasmid approach to achieve this 
genome editing system in C. glutamicum. The E. coli/C. 
glutamicum shuttle vector pEC-XT99A [26] was used as a 
basis for the construction of the all-in-one CRISPR-Cas9 
genome editing plasmid. To achieve the desired construct 
named pEC-XKCgrpoC-H10, several cloning steps were 
done: insertion of the DNA fragments encoding the Cas9 
protein, the aminoglycoside phosphotransferase gene (aph) 
as a kanamycin resistance marker and a sequence determin-
ing the guide RNA (gRNA). A sequence for modifying the 
chromosomal rpoC gene by homology-directed repair was 
included. The templates for PCR amplification were chosen 
as follows.

The Cas9 gene was amplified from the plasmid CAS9P-
1EA (Sigma-Aldrich). The aph gene was amplified from 
pEPR1 [23]. The guide RNA targeting rpoC in the chromo-
some was chosen via CRISPOR [28]. The rpoC gene was 
amplified using pKSAC45rpoC-His8 [21] as a template.

Plasmid pKSAC45rpoC-His8 [21] was modified with a 
Q5 Site-Directed Mutagenesis Kit (New England BioLabs; 
NEB, USA) with the primers M-His-F and M-His-R to insert 
a 10xHis tag at the C-end of the RpoC. This modification 
resulted in the construct pKSAC45-rpoC-H10.

The Cas9 gene was amplified with the primers Cas-
RBS-F and Cas-RBS-R, and the plasmid CAS9p-1EA 
(Sigma-Aldrich) as a template. In this step, the weak 
RBS (AAA​GGT​TCT​AAA​G) [29] was created as part of 
the fragment RBS+cas9. To introduce the PlacUV5 pro-
moter upstream of the cas9 gene, the fragment RBS+cas9 
was amplified with the primers Cas9-F0 and Cas9-R0 

containing PlacUV5 sequence, thus giving rise to the frag-
ment PlacUV5+RBS+cas9.

In parallel, the oligonucleotides 0gRNA-F and 0gRNA-F 
were hybridized to form an empty 0gRNA double-stranded 
DNA fragment, which was then cloned into the restriction 
site EcoRI/XbaI of pEC-XT99A to construct the intermedi-
ate plasmid pEC-XT99A/0gRNA.

The empty plasmid pEC-XKCg for the general use of 
CRISPR-Cas9 genome editing system in C. glutamicum 
(containing all components of CRISPR-Cas9) was designed 
and constructed as follows: the vector backbone (carrying 
the C. glutamicum replicon) with 0gRNA was amplified 
from pEC-XT99A/0gRNA with the primers V-F and V-R. 
The aph gene was amplified from pEPR1 with the prim-
ers aph-F and aph-R, the cas9 gene was amplified from the 
intermediate fragment PlacUV5+RBS+cas9 with the prim-
ers Cas9-F1 and Cas9-R1, and the last fragment carrying the 
E. coli replicon, which originally came from pBR322, was 
amplified from pEC-XT99A with the primers pBR322-F and 
pBR322-R. All four fragments were fused using the Gibson 
Assembly method [30] to construct pEC-XKCg.

The vector backbone of the final specific construct with 
gRNA targeting rpoC was amplified from pEC-XKCg with 
the primers V-rpoC-H-F and V-rpoC-H-R, cas9 was ampli-
fied from the same plasmid pEC-XKCg with the primers 
Cas9-F2 and Cas9-R2, and the last fragment containing 
modified rpoC-H10 was amplified from pKSAC45rpoC-
H10-CRISPR with the primers rpoC-F and rpoC-R. All 3 
fragments were fused together using the Gibson Assembly 
technique to construct pEC-XKCgrpoC-H10.

All the primers used (synthetized by Eurofins Scientific, 
Luxemburg) are listed in Supplementary Table S1. DNA 
polymerases, restriction enzymes, Gibson Assembly Master 
Mix and the Q5 Site-Directed Mutagenesis Kit were pur-
chased from New England BioLabs.

Chromosome Modification with the CRISPR‑Cas9 
Technique

The final plasmid pEC-XKCgrpoC-H10 was transferred by 
electroporation [31] into C. glutamicum cells. The colo-
nies only appeared after 4 days of incubation at 30 °C. 
2xYT medium was inoculated with the chosen clones and 
induced with 0.1 mM IPTG. A culture without the addi-
tion of IPTG was used as a control. After ON cultivation, 
the cells were plated. The grown colonies were picked 
for DNA isolation, PCR amplification and verification by 
sequencing. Three resulting control clones (without IPTG 
induction) exhibited no insertion of 10xHis triplets at the 
3-end of rpoC according to the sequencing. In contrast, 
50% of clones (2/4) resulting from the cultivation with 
IPTG carried the sequence encoding the poC protein with 
a 10xHis tag at its C terminus within the chromosome. 
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This fact confirmed that the final aim of modifying rpoC 
in C. glutamicum WT to produce the C. glutamicum rpoC-
His10 strain was achieved.

Isolation and Purification of the RNA Polymerase 
Core from C. glutamicum rpoC‑His10

The protocol for isolating the C. glutamicum His10-tagged 
RNAP was based on the procedure used for Bacillus sub-
tilis RNAP [32] and modified for C. glutamicum [21]. 
Corynebacterium glutamicum rpoC-His10 cells were cul-
tivated in a 10-L Biostat MD stirred bioreactor (B. Braun 
Biotech International, Germany) with an initial working 
volume of 6 L of 2xYT and 0.5% glucose to OD600 = 16, 
harvested by centrifugation, washed, resuspended in phos-
phate buffer (300 mM NaCl, 20 mM Na2HPO4, 20 mM 
NaH2PO4, 3  mM 2-mercaptoethanol, 0.1  mM phenyl-
methylsulfonyl fluoride, pH 8.0) and disrupted by sonica-
tion. Cell debris was removed by centrifugation, and the 
supernatant was mixed with 6 mL of TALON Metal Affin-
ity Resin (TaKaRa, China). The mixture was incubated 
for 1.5 h at 4 °C with gentle shaking, the TALON pel-
let was collected by centrifugation, transferred into three 
TALON 2-mL Disposable Gravity Columns (TaKaRa) 
and washed with a phosphate buffer gradient of imidazole 
(20–500 mM) in phosphate buffer, and the protein con-
tent of each fraction was assessed by Bradford assay and 
SDS-PAGE (10% polyacrylamide). The highest content of 
RNAP core subunits was detected in the fractions eluted 
with phosphate buffer containing 100  mM imidazole. 
These fractions were combined and dialyzed in a D-Tube 
Dialyzer Maxi, 6–8 kDa (Merck, Germany) against stor-
age buffer (50 mM Tris, 100 mM NaCl, 50% glycerol, 
3 mM 2-mercaptoethanol, pH 8.0) overnight. The RNAP 
core preparation was stored at − 80 °C. The designation 
RNAPCg or RNAPRe is only used when confusion is likely.

Promoter Activity Determination by the In Vivo 
Two‑Plasmid System

The activity of the promoters cloned in the promoter-probe 
vector pEPR1 was assayed in the two-plasmid system as 
described previously [22]. Corynebacterium glutamicum 
WT cells harbored the expression vector pEC-XT99A with 
the inserted genes encoding the tested sigma factors, and 
the promoter-probe vector pEPR1 [23] carrying the tested 
promoter (approx. 70-nt) and the gfpuv reporter gene. The 
intensity of the fluorescence was measured with a Spark 
multimode microplate reader (Tecan, Austria) with excita-
tion at 397 nm and emission at 509 nm.

In Vitro Transcription

The homologous and heterologous in vitro transcription 
reactions were carried out in principle in the same way as 
originally designed [21]. The promoter DNA (approx. 70-nt 
fragments) in the vector pRLG770 served as a template 
for PCR. The PCR fragments (350–400 bp) were ampli-
fied with Q5 polymerase (New England BioLabs) with 
the primers 30F and CM3, purified by phenol extraction 
and concentrated with an Amicon Ultra 0.5 mL s NMWL 
30,000 (Merck). The RNAP holoenzyme was produced by 
mixing the RNAP core (100 nM) isolated from C. glutami-
cum rpoC-His10 and the sigma factors SigA, SigD or SigH 
(from C. glutamicum or R. erythropolis) isolated as His-
tagged proteins from E. coli in a molar ratio of 1:30. The 
transcription reaction with [α-32P]UTP and unlabeled ATP, 
CTP, GTP (in final concentration 0.5 mM each NTP) was 
run for 10 min at 37 °C. The transcripts labeled with [α-32P]
UTP were subjected to polyacrylamide gel electrophoresis, 
and the RNA signals were quantified by phosphorimager 
analysis. The signals were scanned with a Typhoon Scan-
ner (GE Healthcare, USA) and analyzed with the software 
ImageQuant TL. In vitro transcription was performed twice 
with results showing the bands of similar strength and in 
closely similar positions in the electrophoretograms repre-
senting specific transcript.

Results

Assignment of R. erythropolis Sigma Factors 
to Promoters by the In Vivo Two‑Plasmid System

We tried to develop a system to assign particular R. erythro-
polis sigma factors to promoters in vivo analogous to such 
system, which we developed for C. glutamicum [22]. Such 
assay for Rhodococcus strains could be used in the studies 
of the Rhodococcus stress response (for a review, see [10]). 
However, the transformation of Rhodococcus cells was much 
more laborious, and cells harboring two plasmids appeared 
unstable (data not shown). We therefore decided to construct 
the heterologous Corynebacterium–Rhodococcus system. 
Corynebacterium glutamicum cells harbored the same vec-
tors (pEC-XT99A and pEPR1) as in the previous study [22], 
but both the cloned sig genes and promoters came from R. 
erythropolis CCM2595.

To test this system, we first went through the list of the 
already described C. glutamicum stress-responding genes 
with defined promoters and identified potential analogous 
R. erythropolis CCM2595 genes and promoters. Then, we 
selected two genes controlled by the SigD-dependent pro-
moters of C. glutamicum, cmt1 and cmt2, which we analyzed 
previously [24]. The homologous genes frmB1 and frmB2 
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were detected in the R. erythropolis CCM2595 genome. 
The potential promoters PfrmB1 and PfrmB2 with identi-
cal or closely similar key sequence elements − 35 and − 10 
of Pcmt1 and Pcmt2 (Fig. 1) were also found by sequence 
inspection. Corynomycolyl transferases (Cmt1 and Cmt2) 
and S-formylglutathione hydrolases (FrmB1 and FrmB2) 
are the synonymous names for their homologous protein 
products (Table 2).

To test the designed two-plasmid system, we used the 
C. glutamicum WT cells transformed with both pEC-
XT99AsigDRe (or pEC-XT99AsigHRe) and pEPR1-Pfrm-
B1Re (or pEPR1-PfrmB2Re). The presence of the plasmids 
was checked by restriction enzyme analysis and PCR as 
described previously [22]. We then determined promoter 
activity by using the designed two-plasmid system produc-
ing SigDRe or SigHRe (Fig. 2B, C), whereas the cells carrying 
the empty vector pEC-XT99A were used as a control (gray 
bars in Fig. 2). The promoters PfrmB1Re and PfrmB2Re were 
only active with SigD (Fig. 2B, C). SigD dependence was 
also observed when the C. glutamicum WT promoter of the 
cmt2Cg gene and C. glutamicum WT sigma factors were used 
(Fig. 2A).

Construction of Heterologous System with C. 
glutamicum RNA Polymerase Core for In Vitro 
Transcription

Since our aim was to use the C. glutamicum RNAP to 
also prove its activity with R. erythropolis sigma factors 
and promoters in vitro, we first isolated the RNAPCg core 
from C. glutamicum rpoC-H8, which was constructed 
previously [21]. However, RNAPCg could not be puri-
fied satisfactorily, and moreover the strain C. glutamicum 
rpoC-H8 was not stable enough (data not shown). We 
therefore constructed a new strain, C. glutamicum rpoC-
His10 using the CRISPR-Cas9 genome editing technique. 
The RNAPCg core containing the His10-tagged β′ subunit 
(RpoC) was isolated by affinity chromatography and used 
for in vitro transcription. The sigma factors SigARe, SigDRe 

and SigHRe were isolated from the E. coli strains (Fig. 3) 
overexpressing the sigARe, sigDRe and sigHRe genes in a 
similar way as the C. glutamicum sigma factors [21].

The RNAP holoenzyme was reconstituted using the 
RNAPCg core isolated from C. glutamicum rpoC-His10 
and R. erythropolis CCM2595 sigma factors. We only 
focused on SigARe, SigDRe and SigHRe in this study. The 
optimization of the RNAP activity showed that the molar 
ratio of the RNAP core and the respective sigma factors 
1:30 provided the most reliable results (data not shown).

In Vitro Transcription with C. glutamicum RNAP Core 
and R. erythropolis Sigma Factors

The activity of the chosen R. erythropolis promoters, 
PfrmB1Re and PfrmB2Re, was assayed for the ability to ini-
tiate transcription in vitro in the designed heterologous 
system (Fig. 4). The signals representing the specific tran-
scripts were always only obtained with SigDRe, whereas 
no signal was observed without the addition of any sigma 
factor, nor with SigARe nor SigHRe. As a control, in vitro 
transcription was also run with the proven SigD-depend-
ent C. glutamicum promoter Pcmt2 [24] of the cmt2 gene 
(Fig. 4B, C). In this case, a homologous system (both the 
RNAP core and sigma factors from C. glutamicum) was 
used. The specific signal was only observed with SigDCg, 
whereas other assays only provided unspecific bands 
(Fig.  4A). Alternatively, these bands might represent 

  -35    -10 TSS
cmt1 GGTAAAGCGCCTGTTAACGTAATAG-CTTGAAATATAGATGTAAATTAAA
cmt2 GTGTCACAACTTGGTAACGTGTGGG-CGGAAAAACAAGATAGGCATCGAG
frmB1 ATATTTCGATTCAGTAACACCGAAT-CGATTGGCCACGATGTACTCGAAG
frmB2 TGACCTCGACTTTGTAACACCGGAGCCCCCGGAAAGGGACAAACACGTCG

Fig. 1   Alignment of promoter sequences of C. glutamicum WT 
genes cmt1 and cmt2 and homologous R. erythropolis CCM2595 
genes frmB1 (O5Y_RS01090) and frmB2 (O5Y_RS25565). Tran-
scriptional start sites + 1 localized previously [32] and the potential 
key promoter sequence elements − 10 and − 35 are in bold and under-

lined. The sequences were found in the GenBank database: cmt1 and 
cmt2 (in the complete genome nucleotide sequence of C. glutamicum 
ATCC13032, Acc. Number BX927147), frmB1 and frmB2 (in the 
complete genome nucleotide sequence of R. erythropolis CCM2595; 
Acc. Number NC_022115)

Table 2   Amino acid 
identity levels of Cmt 
(corynomycolyl transferases) 
from C. glutamicum and 
FrmB (S-formylglutathione 
hydrolases) from R. erythropolis 
evaluated by BLASTP search 
(non-homologous N-ends of 
proteins not included)

Protein Identity (%)

Cmt1 vs. FrmB1 30
Cmt1 vs. FrmB2 30
Cmt2 vs. FrmB1 48
Cmt2 vs. FrmB2 45
Cmt1 vs. Cmt2 30
FrmB1 vs. FrmB2 77
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longer transcripts driven from C. glutamicum promoters. 
This explanation cannot be, however, applicable for the 
lane N, where no sigma was added (Fig. 4A). We con-
cluded that both in vivo and in vitro assays proved that the 
tested R. erythropolis promoters are SigD-dependent. In 
conclusion, both designed heterologous systems (in vivo 
and in vitro) proved that PfrmB1Re and PfrmB2Re are SigD 
controlled. These two independent methods seem to be 
useful for the analysis of R. erythropolis promoters.

Discussion

Sigma factors of RNAP play a major role in the responses 
of bacterial cells to various stresses and changing growth 
conditions. Each sigma factor is responsible for the expres-
sion of a gene group (regulon), which enables cells to cope 
with specific changes in the environment [11].

Data on the sigma factors in rhodococci are somewhat 
scarce. Generally, we assume that the functions of the indi-
vidual sigma factors are similar to those in other bacterial 
genera of the Mycolata group, Mycobacterium, Corynebac-
terium and Nocardia. However, the numbers of sigma fac-
tors are very different in these genera, and also differ mark-
edly between the Rhodococcus species. The most variable 
are the sigma factors of groups 3 and 4, which are mostly 
involved in various stress responses [10]. We studied the 
phenol stress response in C. glutamicum and R. erythropolis, 
as an example of the response to the presence of toxic aro-
matic compounds, which are degraded by these bacteria (our 
unpublished results). According to the preliminary results, 
hundreds of their genes were upregulated or downregulated 
in the presence of phenol [24]. In C. glutamicum, SigD 
was found to control genes which are involved in oxida-
tive, chemical and cell envelope stress responses [17, 18, 
24]. The C. glutamicum WT genes cmt1 and cmt2 (encod-
ing corynomycolyl transferases), which contribute to the 
synthesis of mycolic acids in the cell wall, were also found 

to be members of the SigD regulon [24]. We supposed that 
the homologous genes in R. erythropolis, whose cell wall 
also contains mycolic acid, are suitable for testing the tech-
niques for assigning sigma factors to promoters and genes 
in R. erythropolis. We therefore analyzed the R. erythropo-
lis CCM2595 genes frmB1 and frmB2, which encode the 
enzyme called S-formylglutathione hydrolase, which has the 
same or similar activity to Cmt1 and Cmt2. The level of aa-
identity between Cmt and FrmB was 30–45%, which is simi-
lar to the identity level between Cmt1 and Cmt2 (Table 2).

To make use of the developed in vivo and in vitro systems 
for C. glutamicum sigma factors and promoters, we decided 
to modify them and apply them to R. erythropolis. We have 
shown previously that the RNAP core from B. subtilis or E. 
coli can be functional with the C. glutamicum sigma factors 
in vitro [21]. In two-plasmid in vivo systems, the activity 
of the hybrid holo-RNAP composed of E. coli RNAP and 
sigma factors from Mycobacterium tuberculosis [33] or 
Staphylococcus aureus [34] was proved. This is in agreement 
with the fact that RNAP is highly conserved in bacteria. In 
this study, we proved that R. erythropolis sigma factors may 
function with the C. glutamicum RNAP core. Our further 
experiments combining various R. erythropolis CCM2595 
sigma factors with C. glutamicum RNAP to define promoter 
classes and sigma regulons in R. erythropolis are in pro-
gress. There could be an advantage of such a heterologous 
system that the expressed R. erythropolis sigma factor gene 
is not present in the C. glutamicum WT genome, and pos-
sible interference in the assay is thus avoided.

Both in vivo and in vitro assays proved that the genes 
frmB1 and frmB2 are controlled by SigD in R. erythropolis. 
The functions of SigD in C. glutamicum and R. erythro-
polis are thus probably analogous. − 35 and − 10 sequence 
elements identical or closely similar to the consensus of 
promoters recognized by SigD in C. glutamicum (GTAAC-
N18-19-GAT) were found within the predicted and confirmed 
promoter fragments (Fig. 1). This suggests that the genes 
under control of at least some sigma factors may be driven 
from promoters belonging to the same class in C. glutami-
cum and R. erythropolis. The conclusion is that these genes 
may be controlled by the respective SigD, and their expres-
sion is part of the response to the stress inflicted by cell 
envelope damage.

SigD function has not been described in any Rhodococcus 
or Nocardia species. By database search, we found two R. 
jostii RHA1 genes with protein products with similarity to 
mycolyltransferases. Sequence motifs (GTAAC-N18-GAT or 
GCAAC-N18-GAT) identical or closely similar to the − 35 
and − 10 elements of C. glutamicum SigD-dependent pro-
moters could be recognized closely upstream of these genes. 

Fig. 2   Determination of promoter activity by in  vivo two-plasmid 
test. The C. glutamicum WT cells harbored the vector pEC-XT99A 
carrying the sigH or sigD genes from C. glutamicum (A) and sigH or 
sigD from R. erythropolis (B, C), respectively. Expression of the sig 
genes was induced with IPTG at time point 0. As a second plasmid, 
cells harbored the promoter probe vector pEPR1 (carrying the gfpuv 
reporter gene) and promoter Pcmt2Cg, PfrmB1Re, or PfrmB2Re. Open 
bars show the fluorescence of the clones with sigma factors from R. 
erythropolis CCM2595, and hatched bars represent the fluorescence 
levels of the clones with sigma factors from C. glutamicum WT. Gray 
bars show the values for control cells without the cloned sig genes. 
AU arbitrary units. The standard deviations of three biological repli-
cates are depicted with error bars

◂
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The search within the Nocardia brasiliensis ATCC700358 
HUJEG-1 genome revealed the motifs GTAAC-N18-GAC 
upstream of two genes which putatively encode mycolyl-
transferases. The role of SigD in M. tuberculosis was found 
to be connected to the pathogenicity and expression of ribo-
somal genes in the stationary growth phase. However, the 
putative promoter sequences of the respective genes regu-
lated by SigD were very diverse, and a consensus sequence 
could not be easily defined [35]. Since the transcriptional 
starts of these SigD-dependent genes were not experimen-
tally detected by these authors, and potential promoter 
sequences were chosen according to their similarity to B. 
subtilis promoters recognized by SigW, we suppose that 
many of these sequences do not function as promoters.

Three SigD-dependent M. tuberculosis promoters of 
genes with experimentally determined transcriptional start 
sites were proved in another study [36]. The consensus GTA​
ACG​ in the − 35 region of these promoters was deduced, 
whereas no consensus was found in the − 10 region. This 
result indicated that at least the − 35 sequence of some SigD-
dependent M. tuberculosis promoters is nearly identical (5/6) 
to the − 35 motif in the two proved SigD-dependent R. eryth-
ropolis promoters.

When analyzing the genomes of other Mycobacterium 
strains, M. leprae TN and M. ulcerans Agy99, we also 
discovered several genes encoding putative mycolyltrans-
ferases. Upstream of several M. leprae TN and M. ulcer-
ans Agy99 genes, GTAAC-N18-GAT sequence elements or 
highly similar motifs were detected. These similarities in 
gene functions and putative promoter sequences tempted us 
to hypothesize that the enzymes related to mycolate synthe-
sis are encoded by genes which are members of the SigD 
regulon in some Mycolata strains.

We improved the strain for the isolation and purification 
of RNAP from C. glutamicum using the CRISPR-Cas9 tech-
nique in this study. The constructed plasmid pEC-XKCg 
is ready for any further use in editing the C. glutamicum 
genome. The recombinant RNAP carrying a 10xHis tag at 
the C-end could be used for in vitro transcription in both C. 
glutamicum and R. erythropolis. The detection of transcrip-
tional starts by RNA-sequencing [37] that localizes promot-
ers in the genome-wide range can be thus combined with 
two independent techniques analyzing single promoters and 
genes in Rhodococcus strains. This combination may finally 
provide consistent and reliable results.

The development and use of molecular techniques in the 
Mycolata genera (Corynebacterium, Mycobacterium, Rho-
dococcus, Nocardia) is still on its beginning in some aspects. 
Description of promoters, definition of sigma regulons, roles 
of sigma factors in stress responses, and progress in genome 
editing will facilitate advances in synthetic/systems biology 
of these bacteria important in biotechnology and medical 
studies.

Fig. 3   Isolated Rhodococcus erythropolis CCM2595 sigma subu-
nits of RNA polymerase (silver-stained SDS-polyacrylamide gel). 
His-tagged sigma factors SigA, SigD, and SigH were isolated from 
E. coli, which expressed the corresponding R. erythropolis sig genes, 
using affinity chromatography. Protein size marker is on the right. 
Molecular sizes in kilodaltons are indicated

Fig. 4   In vitro transcription with recombinant C. glutamicum RNA 
polymerase core and sigma factors from C. glutamicum (A) and R. 
erythropolis (B, C). Sigma factors and the promoter came from C. 
glutamicum in A, whereas the sigma factors and promoter came from 
R. erythropolis CCM2595 in B and C. RNA polymerase core is from 
C. glutamicum in all cases
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Supplementary Materials: 

Table S1: Oligonucleotides used 

Oligonucl
eotide Sequence                                                                                               

0gRNA-F
AATTCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTG
AAAAAGTGGCACCGAGTCGGTGCTTTTTTTTT

0gRNA-R
CTAGAAAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCT
TATTTTAACTTGCTATTTCTAGCTCTAAAACG

30F CCACCTGACGTCTAAGAAACC   
Cas-RBS-
F

AAAAAACCTGCAGGTAAAAAGGTTCTAAAGATGGACAAAAAGTACAGCATCG
Cas-RBS-
R

AAAAAACGATCGTTACACTTTGCGCTTTTTCTTGG
Cas9-F0 AATGCATTTACACTTTGCGC

Cas9-R0
GTGCAATTGTTTACACTTTATGCTTCCGGCTCGTATAATGTGTGGACCTGCAGGTAAA
AAGGTTCTAAAG

Cas9-F1 TCGGTACCACCGGTCTTTACACTTTATGCTTCCG
Cas9-R1 GGTGTCAACGTAAATGCATTTACACTTTGCGCTTTTTC
Cas9-F2 CGTCGTTTGCGGTGTGGTGTCGGTACCACCTTTACACTTTATGCTTCCGGCTCG
Cas9-R2 CCATCCAATGGGACGGATGCGAATTCCATGGTCTGTTTCCTGTG
Cm3 CGGCGGATTTGTCCTACT
V-F GAAAAAGCGCAAAGTGTAAATGCATTTACGTTGACACCATCGAATG
V-R CGAATGAGGATCAGATCAAATCTAAGATAAAGTTATCGATGATAAAGTGCAAC
aph-F GATAACTTTATCTTAGATTTGATCTGATCCTCATTCG
aph-R CGCTCAGTGGAACGAAAACTAAAACGATTCCGAAGCCC
pBR322-F CGGAATCGTTTTAGTTTTCGTTCCACTGAGCGT
pBR322-
R

CGGAAGCATAAAGTGTAAAGACCGGTGGTACCGACGTCCATA
V-rpoC-
H-F

ATGGAATTCGCATCCGTCCCATTGGATGGTTTTAGAGCTAGAAATAGC
V-rpoC-
H-R

GCTGACGTCCATATGCGGTGTGAAATAC
rpoC-F CACCGCATATGGACGTCAGCCTGCAGAGCTGCGTTC
rpoC-R GGTGGTACCGACACCACACCGCAAACGACG
M-His-F CACCACCACCACCACTAGAGCAAGGAAACCTTAAATC
M-His-R GTGGTGGTGGTGGTGGAAAATTTCATCCAATGGGACGG



Fig. S1: Plasmid constructs for modification of the rpoC gene by CRISPR-Cas9 
technique. (A) Plasmid pEC-XKCg. The empty plasmid pEC-XKCg can be generally used 
for CRISPR-Cas9-genome editing in C. glutamicum. (B) Plasmid pEC-XKCgrpoc-H10 for 
construction of 10xHis-tagged C-end of RpoC. Fragment rpoC-10xHis for modifying 
(tagging) the chromosomal rpoC gene by homology-directed repair, and specific guide RNA 
targeting rpoC in the chromosome. Construction of the plasmids in detail is described in the 
main text Engineering the CRISPR-Cas9 Genome Editing System for C. glutamicum. 
Abbreviations: aph = aminoglycoside phosphotransferase gene conferring kanamycine 
resistance; cas9 = gene for CRISPR associated protein 9; gRNA = guide RNA; lacIq = lac 
repressor gene; ori = origin of replication in Escherichia coli; PF45Cg = constitutive 
promoter; PlacUV5 = IPTG inducible promoter; Ptrc = IPTG inducible promoter
repA – origin of replication in C. glutamicum; T1, T2 – terminators 
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Abstract

The aim of this investigation was to discover the promoters that drive expression of the sig genes encoding sigma factors of RNA poly-
merase in Rhodococcus erythropolis CCM2595 and classify these promoters according to the sigma factors which control their activity.
To analyze the regulation of major sigma factors, which control large regulons that also contain genes expressed under exponential
growth and non-stressed conditions, we used the R. erythropolis CCM2595 culture, which grew rapidly in minimal medium. The tran-
scriptional start sites (TSSs) of the genes sigA, sigB, sigD, sigE, sigG, sigH, sigJ, and sigK were detected by primary 5′-end-specific RNA
sequencing. The promoters localized upstream of the detected TSSs were defined by their −35 and −10 elements, which were identical
or closely similar to these sequences in the related species Corynebacterium glutamicum and Mycobacterium tuberculosis. Regulation of
the promoter activities by different sigma factors was demonstrated by two independent techniques (in vivo and in vitro). All analyzed
sig genes encoding the sigma factors with extracytoplasmic function (ECF) were found to be also driven from additional housekeeping
promoters. Based on the classification of the sig gene promoters, a model of the basic sigma transcriptional regulatory network in R.
erythropolis was designed.

Keywords: Rhodococcus erythropolis, transcriptional regulatory network, sigma factor, in vitro transcription, RNA-seq

Introduction
Transcriptional regulation is a major level of bacterial adapta-
tion to changing growth conditions. The respective mechanisms
switching the alternative cell programs, which are mainly con-
trolled by specific sigma (σ ) factors of RNA polymerase (RNAP)
and other transcriptional regulators, enable cells to survive under
various adverse conditions. Knowledge of such regulatory mecha-
nisms in Rhodococcus species, which form a large group of bacteria
potentially applicable in biotechnology, is still rather limited.

Rhodococci are Gram-positive, aerobic, non-sporulating bacte-
ria that belong to the Actinobacteria phylum. The presence of my-
colic acids in their cell wall places the genus Rhodococcus in a My-
colata group that also includes members of the genera Corynebac-
terium, Mycobacterium, Nocardia, and Gordonia (Cole et al. 2005).

Although many studies of various regulatory mechanisms
which control gene expression in rhodococci have been pub-
lished, data on the σ factors which are also involved in cell
responses to changing conditions are still quite limited. Anal-
ysis of the complete genome sequences of 22 strains of the
genus Rhodococcus (KEGG Gene Database) revealed that rhodococci
encode many alternative σ factors. According to the GenBank
database, rhodococci possess a diverse number of various σ fac-
tors (from 12 in Rhodococcus sp. PBTS 1 to 37—including 3 encoded
by a plasmid—in R. jostii RHA1). The strain which this study fo-

cuses on is the soil isolate R. erythropolis CCM2595 which degrades
various aromatic compounds (Čejková et al. 2005). The genes en-
coding 19 different σ factors have been annotated in its genome
sequence (GenBank: accession number NC_022115). We named
these predicted σ factors according to the sequentially closest σ

factors of Mycobacterium tuberculosis. The highest degree of simi-
larity of the R. erythropolis σ factors to those of M. tuberculosis was
found in a primary σA (group 1; Gruber and Gross 2003), a primary-
like σ B (group 2), a σ F-like sigma factor (group 3) and seven extra-
cytoplasmic function (ECF) σ factors (group 4): σD, σ E, σG, σH, σ J,
σK, and σM (Pátek et al. 2021).

The regulatory functions of individual σ factors in rhodococci
have not yet been thoroughly described. It is assumed that σA, the
principle σ factor in rhodococci as in many bacteria, is mainly ex-
pressed during exponential growth. Expression of the sigB gene
was found to be increased during the transition growth phase
in R. opacus B4, and was also induced after heat shock, ethanol
stress and in response to specific organic solvents (Kita et al. 2009).
Thus, σ B is probably the general stress response σ in R. opacus B4.
We hypothesize that the major ECF σ factors (σD, σ E, and σH) in
rhodococci have the same or similar functions as their homologs
in M. tuberculosis or Corynebacterium glutamicum. The σH factor in M.
tuberculosis (Manganelli et al. 2004) and C. glutamicum (Busche et al.
2012) controls general heat shock response. As many as 100 σH-
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dependent C. glutamicum genes are also involved in thiol home-
ostasis, protein quality control, ribosome modulation, and DNA
repair (Busche et al. 2012). The σ E factor is involved in the response
to surface stress and heat shock in both M. tuberculosis (Sachdeva
et al. 2010) and C. glutamicum (Park et al. 2008).

As for the other R. erythropolis CCM2595 σ factors, which are
missing in C. glutamicum, it is known that σG is activated during
starvation in R. jostii RHA1 (Patrauchan et al. 2012), while it was
found to play a role in SOS response or macrophage infection in
M. tuberculosis (Sachdeva et al. 2010). Other σ factors from R. jostii
RHA1, namely σ F1 and σ F3, are involved in the response to desic-
cation stress (LeBlanc et al. Mohn 2008), whereas in M. tuberculosis
σ F regulates the biosynthesis of the mycobacterial cell envelope
and immunopathology phenotype (Sachdeva et al. 2010).

In this study, we analyzed the transcriptional relationship be-
tween the genes encoding the primary σA, a primary-like σ B and
three major σ factors of the ECF type, σD, σ E, and σH in R. ery-
thropolis CCM2595. We detected and cloned the respective promot-
ers and classified them according to the conserved promoter ele-
ments using two independent methods. Transcriptional relation-
ships between the σ factors and the sig genes were used to con-
struct the basic σ regulatory network of Rhodococcus erythropolis.

Materials and methods
Strains, growth conditions, and oligonucleotides
Escherichia coli TOP10 (Grant et al. 1990), used for cloning, and E. coli
BL21 (DE3) (Studier and Moffatt 1986), used for expression of the
genes encoding Rhodococcus erythropolis sigma factors, were culti-
vated in 500-mL flasks containing 60 mL of 2 × YT medium (Green
and Sambrook 2012) at 37◦C.

Corynebacterium glutamicum ATCC 13032 was used as the host
strain for measuring the activities of promoters inserted into the
promoter-probe vector pEPR1 (Knoppová et al. 2007). Corynebac-
terium glutamicum rpoC-His10 (Holátko et al. 2012) was used for the
isolation of recombinant RNA polymerase. R. erythropolis CCM2595
(Veselý et al. 2003) was used as a source of chromosomal DNA,
which served as a template for PCR amplification of the sig genes
and promoters. All strains were cultivated in 500-mL flasks with
60 mL of 2 × YT medium at 30◦C.

For selection, antibiotics were supplemented into the media:
ampicillin (100 μg mL–1), tetracycline (10 μg mL–1), or kanamycin
(30 μg mL–1). All oligonucleotides used are listed in Supplemen-
tary Table S1.

DNA manipulations
DNA isolation, DNA digestion by restriction enzymes, DNA liga-
tion, PCR, transformation of E. coli and electroporation of the host
strain C. glutamicum were performed by the standard techniques
(Green and Sambrook 2012). Promoter DNA fragments were pre-
pared by annealing synthetized complementary oligonucleotides.
This synthetic DNA (Sigma-Aldrich, Germany) generated double-
stranded fragments around 70 nt in length, with overhangs ready
for ligation with pRLG770 (Ross et al. 1990) and pEPR1.

RNA isolation
RNA extraction and purification essentially followed the previ-
ously developed protocol for Corynebacterium diphtheriae (Wittchen
et al. 2018). R. erythropolis CCM2595 was cultivated in minimal
BSM medium with glycerol (Veselý et al. 2007) and harvested
at OD600 = 1.2. The culture (1 mL) was centrifuged for 30 s at

20 000 × g, and the pellet was immediately frozen with liq-
uid nitrogen. RNA was isolated with a Quick-RNA Miniprep Plus
kit (Zymo Research, USA). Crude RNA was purified with a RNA
Clean&Concentrator-5 kit (Zymo Research) and its quality was
checked with an Agilent RNA Nano 6000 Kit with an Agilent 2100
Bioanalyzer (Agilent Technologies, Germany). Ribosomal RNA was
removed with a Ribo-Zero rRNA Removal Kit (Bacteria) from Illu-
mina (San Diego, USA).

Primary 5′-end cDNA library preparation and
RNA-seq
Construction of the primary 5′-end cDNA library and RNA se-
quencing was in principle done using previously described pro-
cedures (Pfeifer-Sancar et al. 2013) with some modifications
(Wittchen et al. 2018). RNA samples were treated with terminator
exonuclease (Epicentre Biotechnologies, USA) at 30◦C for 60 min
and then at 42◦C for 30 min. RNA fragments were then transcribed
to cDNA with a ThermoScript RT-PCR system (Life Technologies,
Germany). A random stem-loop DNA adapter 5′ AGATCGGAAGA-
GAGACGTGTGCTCTTCCGATCTNNNNNNN 3′ was used for cDNA
synthesis which hybridizes via a 3′-NNNNNNN-tail preferentially
to the 3′-end of the RNA fragments (Pfeifer-Sancar et al. 2013). The
reaction was carried out at 16◦C for 30 min followed by 50◦C for 1
h. The reaction was stopped by heat inactivation, and cDNA was
amplified by the commercial Illumina RNA PCR primers with Phu-
sion High-Fidelity DNA Polymerase (New England BioLabs, Ger-
many). The produced cDNA library was purified and size-selected
by gel electrophoresis for fragment sizes between 100 and 1000 bp.
The samples were sequenced in a single read mode with a 75 nt
read length with an Illumina MiSeq.

Detection of transcription start sites and
bioinformatics analysis of the promoter regions
Transcriptional start sites (TSSs) were automatically detected by
the Transcription Analyses function of ReadXplorer (Hilker et al.
2016). Possible TSSs were defined by the values T = 14 (number of
reads considered as background) and R = 5 (i.e. at least 5-fold dif-
ference in the number of read starts between positions –1 and + 1).
The thresholds R = 5 and T = 14 were chosen after manual in-
spection of the predicted TSSs to avoid the effect of noise ratio,
and the resulting list of predicted TSSs was manually checked for
false positives. The promoter regions, which were apparent just
upstream of the TSSs were aligned (70-nt sequences) and ana-
lyzed by the software Improbizer (Ao et al. 2004) as described pre-
viously (Albersmeier et al. 2017).

Promoter activity determination by the in vivo
two-plasmid system
The activity of the promoters cloned in the promoter-test vector
pEPR1 was assayed in the heterologous two-plasmid system (a
modified method of Dostálová et al. 2017). The C. glutamicum ATCC
13032 cells harbored the expression vector pEC-XT99A (Kirch-
ner and Tauch 2003) with the inserted genes from R. erythropolis
CCM2595 encoding the tested σ factors and the promoter-test vec-
tor pEPR1 carrying the analyzed promoter (70 nt) from R. erythro-
polis and the gfpuv reporter gene. The cells were disrupted with a
FastPrep homogenizer (MP Biomedical) and the intensity of the
fluorescence of the cell-free extract was detected with a Spark
multimode microplate reader (Tecan, Austria) with excitation at
397 nm and emission at 509 nm. Protein concentration in the ex-
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Figure 1. Transcriptional start site (TSS) determination and localization of the corresponding promoters based on the results of 5′-end-specific RNA
sequencing. Representative examples of 5′-end RNA-seq data for the detection of TSSs of the sig genes are shown. Bent blue arrows indicate the
positions of TSSs, based on the RNA-seq signals, which met the defined requirements. The sequences of the promoters closest to the genes are shown.
The respective potential –35 and –10 promoter elements (in red; –10 elements only for the housekeeping promoters) were deduced at the appropriate
distance from TSSs. Genomic coordinates of the 5′ends and 3′ends of the presented promoter sequences of R. erythropolis CCM2595 and positions of the
initiation codons according to GenBank RefSeq NC_022115 are shown. The scale for number of reads (y axis) of the detected transcripts is shown at the
left or right side and the respective signals are in green.
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Figure 2. Location of potential promoters of the sig genes in Rhodococcus erythropolis CCM2595 based on bioinformatic analysis of the region upstream
of transcriptional start sites localized precisely by 5′-end-specific RNA-seq. Green arrows represent potential σA/σ B-dependent promoters, the stress
promoters of the sig genes are shown in red (σH/σ E-dependent) and blue (σD-dependent). The determined TSSs are depicted as short vertical lines and
their genomic coordinates (GenBank RefSeq NC_022115) are appended below. Coordinates of the translation initiation codons are shown in Fig. 1.
400-nt regions upstream of the initiation codons is marked above the scheme.

tract was determined and promoter activity was expressed in ar-
bitrary units/mg protein (Dostálová et al. 2017).

In vitro transcription
The heterologous in vitro transcription reactions (RNAP core from
C. glutamicum rpoC-His10 derived from C. glutamicum ATCC 13032
and corresponding σ -subunit from R. erythropolis CCM2595) were
carried out in principle in the same way as the reaction that was
originally designed for homologous in vitro transcription (Holátko
et al. 2012). The reliability of the heterologous arrangement was
confirmed recently (Blumenstein et al. 2022). The promoter DNA
region (70-nt fragments) in the vector pRLG770 served as a tem-
plate for PCR. The PCR fragments (350–400 bp) were amplified with
Q5 polymerase (New England Biolabs) with the primers 30F and
CM3, purified by phenol extraction and concentrated with Am-
icon Ultra 0.5 mL s NMWL 30000 (Merck, Germany). The RNAP
holoenzyme was produced by mixing the RNAP core (100 nM) and
sigma factors σA, σ B, σD, σ E, or σH isolated as His-tagged proteins
from E. coli in a molar ratio of 1:30. The transcription reaction
with [α-32P]UTP and unlabeled ATP, CTP, GTP (in final concentra-
tion 0.5 mM each NTP) was run for 10 min at 37◦C. The transcripts
labeled with [α-32P]UTP were subjected to polyacrylamide gel elec-
trophoresis, and RNA signals were quantified by phosphorimager
analysis. The signals were scanned with a Typhoon Scanner (GE
Healthcare, USA) and analyzed with ImageQuant TL software.
In vitro transcription was performed twice with highly similar
results.

Results
Analysis of potential sig genes in the R.
erythropolis CCM2595 genome sequence
The complete nucleotide sequence of the R. erythropolis CCM2595
genome was previously determined (Strnad et al. 2014) and de-
posited in DDBJ/EMBL/GenBank under the accession numbers
CP003761 (chromosome) and CP003762 (plasmid pRECF1). Anal-
ysis of the annotated genome R. erythropolis CCM2595 sequence
(GenBank RefSeq NC_022115) revealed 19 proteins deduced from
the nucleotide sequences of the genes potentially encoding a σ

subunit of RNAP. These proteins are at least 30% identical to var-
ious σ factors from related M. tuberculosis. The σ factors σA, σ B,
σD, σ E, σ F, σG, σH, σ J, and σK were found to exhibit the highest se-
quence similarity to the corresponding M. tuberculosis σ factors (at
least 54% identity).

Transcriptional start sites and promoters of the
sig genes
R. erythropolis cells were cultivated in a minimal medium with
glycerol that is readily utilized by this strain. RNA was iso-
lated and purified, and a primary 5´-end cDNA library was se-
quenced. We focused on the determination of TSSs of all the
sig genes, which were transcribed under the conditions used.
Potential TSSs of the sig genes in the R. erythropolis CCM2595
genome were mapped by analysis with the software ReadX-
plorer (Fig. 1). First, automatically detected TSSs were found
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Figure 3. Assignment of rhodococcal sigma factors to analyzed promoters of Rhodococcus erythropolis CCM2595 and heterologous in vitro transcription
with recombinant C. glutamicum RNA polymerase core and sigma factors from R. erythropolis CCM2595. For the in vivo fluorescence assay (A, C, E, G),
the C. glutamicum ATCC13032 cells harbored the vector pEC-XT99A carrying corresponding sig genes from R. erythropolis and the promoter-probe vector
pEPR1 carrying the gfpuv reporter gene expressed from the tested sig promoter. The expression of all sig genes was induced with IPTG at time point 0;
grey bars show the values for control cells without the cloned sig genes; Promoter activity was measured as Gfpuv fluorescence intensity of cell
extracts and is shown as bars in colors representing respective sigma factors. AU/(mg protein), arbitrary units normalized to protein concentration; the
standard deviations of three biological replicates are depicted with error bars. For the in vitro transcription (B, D, F, H), the lanes with no sigma (N), σA

(A), σ B(B), σD (D), and σH (H) are shown; arrows indicate the specific transcripts.
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Figure 4. Purified Rhodococcus erythropolis CCM2595 sigma subunits of
RNA polymerase (silver-stained SDS-polyacrylamide gel). His-tagged
sigma factors SigA, SigB, SigD, SigE, and SigH were isolated using an E.
coli pET system expressing the corresponding R. erythropolis sig genes.
The protein size marker is on the left; molecular sizes are indicated in
kilodaltons.

and in another round, further TSSs were manually assigned.
From one to three TSSs were defined upstream of the ana-
lyzed sig genes encoding σA (O5Y_RS12855), σ B (O5Y_RS12800),
σD (O5Y_RS09160), σ E (O5Y_RS19300), σG (O5Y_RS18880), σH

(O5Y_RS10370), σ J (O5Y_RS21805) and σK (O5Y_RS09140) based on
the results of the RNA-seq.

The TSSs mapped by the sequencing of the primary 5′-end-
specific cDNA library were used to localize the upstream promoter
regions. The promoter regions upstream of the TSSs were aligned
(70-nt sequences) and analyzed by the software Improbizer (Ao
et al. 2004) as described by Albersmeier et al. 2017. Bioinformatics
analysis showed that the majority of the potential promoters are
most likely σA-dependent (Fig. 2). Alternatively, these genes could
be σ B-dependent (or σA/σ B), since it is very difficult to differenti-
ate between σA and σ B-specific genes in many bacteria (Typas et al.
2007, Dostálová et al. 2017). The housekeeping promoters were al-
ways recognized by both σA and σ B in in vitro transcription assays
that we conducted (Šilar et al. 2016). This phenomenon was also
reported in E. coli. Upstream of all analyzed sig genes, with the ex-
ception of sigB, one or two σA/σ B-dependent promoters were de-
tected (Fig. 2). The analyzed sequences of the respective promot-
ers are shown in Supplementary Table S2.

Upstream of the sigG and sigK, housekeeping promoters were
only detected and identified according to the sequences of the –
10 elements (TAGTCT and CAACAT, respectively) at an appropri-
ate distance from TSSs. Interestingly, the TSS1 of sigG (–10 element
TAGTCT) and TSS1 of sigJ (TATCAT) were found at the nt A belong-
ing in both cases to the ATG initiation codon. This implies that the
genes sigG and sigJ are leaderless. Leaderless transcripts were also
found in 22% of C. glutamicum housekeeping genes (Albersmeier
et al. 2017). Similarly, nearly 25% of mycobacterial transcripts are
also leaderless (Shell et al. 2015).

Upstream of the other 11 potential sig genes, no TSSs were de-
tected under the conditions used for R. erythropolis cultivation and

RNA-seq, which suggests that these genes are only expressed un-
der specific conditions. We concentrated our analysis on the pu-
tative stress promoters recognized by ECF sigma factors.

Assignment of R. erythropolis sigma factors to
promoters by in vivo two–plasmid system
The DNA fragments covering the positions +5 to –65 relative to the
chosen TSSs, which carried the assumed promoters, were cloned
in the promoter-test vector pEPR1. These fragments included the
promoters P1sigB, P1sigD, P1sigE and P2sigH (Fig. 2; Supplemetary
Table S3). The R. erythropolis genes encoding σA, σ B, σD, σ E and
σH cloned in the expression vector pEC-XT99A were used for the
construction of the two-plasmid C. glutamicum clones. The devel-
oped in vivo two-plasmid system (Dostálová et al. 2017) was ap-
plied to define the class of the promoters (their activity with a spe-
cific σ factor). In this particular analysis, a heterologous Rhodococ-
cus/Corynebacterium two-plasmid system (Blumenstein et al. 2022)
was used as a variation of this assay. The activity of the promot-
ers with a specific R. erythropolis σ factor was measured using the
fluorescence intensity of the Gfpuv reporter protein (Fig. 3, left
part). The promoter activity assay showed that P1sigB is strongly
σ E-dependent (Fig. 3A), P1sigD is strictly σD-dependent (Fig. 3C),
while the other two promoters belong to the σH/σ E-dependent
group (Fig. 3E and G).

Determination of sigma factors required for the
initiation of transcription from individual
promoters by in vitro transcription assay
To verify the results of the two-plasmid assay by a different
technique, an in vitro transcription system (Holátko et al. 2012)
was used. The R. erythropolis promoters P1sigB, P1sigD, P1sigE and
P2sigH were assayed for their ability to initiate transcription in
vitro in a heterologous Corynebacterium/Rhodococcus system (RNAP
core from C. glutamicum and σ factors from R. erythropolis) (Blu-
menstein et al. 2022) (Fig. 3, right part). The R. erythropolis σ factors
σA, σ B, σD, σ E and σH (Fig. 4) were isolated from the correspond-
ing Escherichia coli pET systems overexpressing the R. erythropolis
sigA, sigB, sigD, sigE and sigH genes in a similar way to the C. glu-
tamicum sigma factors in the previous studies (Holátko et al. 2012,
Dostálová et al. 2019).

Strong signals representing the specific transcripts were ob-
tained for the promoter P1sigB with σ E and σH (Fig. 3B), for P1sigD
with σD (Fig. 3D), or for P2sigH with σH (Fig. 3H). A weaker signal
was detected for P1sigE with σH (Fig. 3F), whereas no specific sig-
nals were observed with σA or σ B or without the addition of any σ

factor as a negative control sample.
Thus, the in vivo and in vitro assays gave the same results for

the promoters for P1sigD and P2sigH, whereas the assays came
out differently for P1sigB and P1sigE. The P1sigB promoter was only
active with σ E in vivo, but gave strong signals with both σ E and σH

in vitro. P1sigE initiated transcription with both σH and σ E in vivo,
whereas a signal was only visible with σH in vitro.

Sequence comparison of promoter regions of
sigB, sigD, sigE, and sigH genes in Rhodococcus
strains
To identify the conserved potential promoter sequences of the sig
genes from R. erythropolis CCM2595, we performed a comparative
analysis of the upstream regions of TSSs of the genes encoding
sigma factors σ B, σD, σ E, and σH using various Rhodococcus strains.
Nucleotide sequences of representatives of the genus Rhodococcus
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Figure 5. Promoter sequences of rhodococcal genes sigB, sigD, sigE, and sigH. Transcriptional start sites of R. erythropolis CCM2595 genes determined by
RNA-seq and the key promoter sequence elements -10 and -35 are underlined. Identical nucleotides in all sequences near the main motifs in the
promoters of particular genes are highlighted in yellow. The only differing nt in the -35 element is highlighted in cyan. The promoters P1sigB, P1sigE,
and P2sigH are proposed to be SigH/E-dependent, the P1sigD promoter is SigD-dependent.

were obtained from the genome RefSeq of R. aetherivorans IcdP1
(GenBank Acc. Number NZ_CM002177), R. equi 103S (GenBank
Acc. Number NC_014659), R. fascians D188 (GenBank Acc. Number
NZ_CP015235), R. jostii RHA1 (GenBank Acc. Number NC_008268),
R. opacus B4 (GenBank Acc. Number NC_012522), R. rhodochrous
ATCC BAA870 (GenBank Acc. Number NZ_CP032675) and R. ruber
P14 (GenBank Acc. Number NZ_CP024315). It was found that both
corresponding promoter regions –35 and –10 in the analyzed ECF-
dependent promoters are identical in all rhodococcal strains of
interest (with one exception, a C→T substitution in the –35 pro-
moter element of sigE of R. rhodochrous ATCC BAA870; Fig. 5).

Taken together, the results indicate that σH and σ E recognized
the promoters with the sequence motifs –35 GGAAC and –10 GTT,
whereas σD recognized –35 GTAAC and –10 GAT. This knowledge
can be used for further analysis of promoters and stress regulons
in Rhodococcus erythropolis and other Rhodococcus species.

Discussion
The prediction of promoter sequences without experimental
proofs is notoriously difficult. Although many bioinformatics tools
and algorithms have been developed to localize the promoters of
both housekeeping and stress genes according to the conserved
sequences (Jacques et al. 2006), the deduced promoters mostly
remain putative, and the number of false-positive promoter se-
quences is usually uncertain. Finding the association of the sug-
gested promoters with σ factors (classification of the promoter)
is another tricky task, which again frequently lacks experimen-
tal proof. We combined RNA-seq to precisely localize TSSs, which
indicate the positions of the promoters, with two methods which
assign the σ factor to a particular promoter. Since the genes en-
coding ECF σ factors are in many bacteria preceded by the cor-
responding promoters (i.e. these genes are autoregulated; Staroń
et al. 2009) we focused on the TSSs upstream of a few major R. ery-
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Figure 6. Scheme of partial transcriptional regulatory network in Rhodococcus erythropolis CCM2595. The model is based on bioinformatics analysis of
the R. erythropolis genome sequence and our experimental results. Arrows indicate a positive regulatory interaction (σ factor involved in transcription
of other sig gene). Since the conditions in the used in vivo and in vitro assays are not the same as in standard cells and ratios of the influence of the
pairs SigA/SigB and SigH/SigE on the expression of the sig genes under various conditions cannot be determined, we propose this model as a simplified
hypothesis.

thropolis sig genes and thus localized their promoters. Using the
in vivo two-plasmid assay and in vitro transcription enabled us to
associate the promoter sequences with particular σ factors.

The –35 and –10 promoter sequences recognized by sigma fac-
tors σA, σ B, σD, σ E, and σH of rhodococci show identity or a high
similarity to the promoter consensus sequences recognized by the
homologous σ factors of another member of the Mycolata group,
C. glutamicum (Dostálová et al. 2019) and/or M. tuberculosis (Ro-
drigue et al. 2006). The promoter −35 and −10 motifs in the ap-
propriate distance upstream of the R. erythropolis CCM2595 sigD
TSS (GTAACG-N17-GAT) conform to the C. glutamicum consensus
of σD-dependent promoters GTAACA/G-N17-GAT (Toyoda and Inui
2018, Dostálová et al. 2019). The -35 and -10 elements upstream
of the R. erythropolis CCM2595 sigE and sigH genes are identical
(GGAAC-N18-GTT) and nearly precisely fit the C. glutamicum and
M. tuberculosis consensus sequences of σH-dependent promoters.
We have previously identified C. glutamicum σ E-dependent pro-
moters P2dnaK, P2dnaJ2, and P1clgR (Šilar et al. 2016), and all of
them were also found to be σH-dependent. The same is true for
the C. glutamicum and M. tuberculosis PsigB that were both σH/σ E-
dependent with the identical sequence GGAAC-N18-GTT (Raman
et al. 2001, Halgašová et al. 2002, Dostálová et al. 2019). The general
consensus sequences of M. tuberculosis σ E- and σH-dependent pro-
moters are also GGAAC-N17-18-GTT (Rodrigue et al. 2006). It there-
fore seems that SigE- and SigH-dependent promoters are gener-
ally highly similar, and only subtle differences outside the main
motifs decide whether transcription with one of the other sigmas
is suppressed or not clearly apparent. In fact, the most frequent
sequence of σH-specific promoters in C. glutamicum is GGAAT-N18-
GTT, although some σH-dependent promoters have C or G or A
in the last −35 element position (Ehira et al. 2009, Busche et al.
2012). We were unable to differentiate between the key motifs of
the promoters recognized by R. erythropolis σ E and σH, because
in both cases the -35 sequences were GGAAC. This trend could
probably be found in many Rhodococcus species, since we found
that in all sigB, sigD, sigE and sigH genes, the -35 promoter ele-
ment GGAAC was present in all (with a single exception) of the
8 Rhodococcus strains analyzed (Fig. 5). The P2sigJ promoter, which

was apparently σH/σ E-dependent according the key sequence el-
ements, was found to be weak by RNA-seq (Fig. 1). Therefore, we
did not include P2sigJ into in vivo and in vitro assays and defined it
as σH/σ E-dependent. We suppose that P2sigJ may be more active
under some stress conditions. In contrast, the housekeeping P1sigJ
was much stronger under the conditions (optimum growth) used.

The σ J factor is involved in the survival of M. tuberculosis under
oxidative stress, and in the virulence of the pathogen. The func-
tion of σ J in rhodococci is not known.

The results of the in vivo two-plasmid assay and in vitro tran-
scription figures were not always identical (Fig. 3). However, we
suppose that the tested promoters are recognized by both σ fac-
tors, but with different efficiency under different conditions. Fur-
ther analysis of the σ E and σH regulons in rhodococci may shed
more light on the recognition of the promoter classes and func-
tions of the two σ factors in stress response.

The vegetative P1sigK seems to be a weak promoter, but the
sigK gene may be additionally transcribed from another promoter
that is active under stress conditions. We also detected a signal
corresponding to TSS inside the sigK gene (Fig. 1). This may be-
long to an alternative transcript and a shorter version of σK or a
regulatory RNA and was not further studied here. Transcription of
the sig genes encoding ECF σ factors, which are mostly involved
in stress responses, from σA- and/or σ B-dependent promoters was
also found in C. glutamicum (Busche et al. 2012, Pfeifer-Sancar et al.
2013, Dostálová et al. 2019). The R. erythropolis CCM2595 genes sigD,
sigE, sigH and sigJ were also found to be transcribed from addi-
tional vegetative promoters (Fig. 2). Such combined transcription
can be found for many stress genes in bacteria (Pátek et al. 2013,
Cho et al. 2014, Dostálová et al. 2019). It is thought that transcrip-
tion from σA/σ B-dependent genes ensures a basal level of expres-
sion during exponential and slow growth without the influence of
particular stresses.

The key promoter hexamers of the supposed σA/σ B-dependent
promoters are shown in Supplementary Table S2. We com-
pared two unusual −10 promoter sequences AAGGCT (P1sigJ) and
AAAGGT (P2sigE) with analogous sequences found in C. glutam-
icum (Albersmeier et al. 2017). Identical −10 AAGGCT hexamer
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found in R. erythropolis was twice detected in C. glutamicum. C.
glutamicum vegetative promoters also possess closely similar −10
hexamers AAAGAT, AAAAGT, AAGACT, AAGGAT. Since the –35
regions of vegetative promoters are very variable in Rhodococcus
(similar to promoters in Corynebacterium) their position and se-
quences cannot be easily identified.

Precise localization of the promoters of the sig genes and their
classification enabled us to construct the model of the hypotheti-
cal basic sigma transcription regulatory network (Fig. 6). This ba-
sic scheme shows links between the σ factors, i.e. which σ pro-
teins control the transcription of individual sig genes. Whereas
sigD, sigE, and sigH were found to be autoregulated, sigG, sigJ and
sigK were expressed from σA/σ B- or σH/σ E-dependent promoters.
Moreover, all the analyzed sig genes (with the exception of sigB)
were transcribed from at least one σA/σ B-dependent promoter.
This may explain why these genes were expressed during expo-
nential growth under non-stressed conditions. The respective σ

factors thus play an important role in the standard growth and
metabolism of R. erythropolis CCM2595 cells. The expression of the
genes encoding ECF σ factors sigC, sigD and sigH from only vege-
tative promoters was observed in C. glutamicum (Busche et al. 2012,
Toyoda and Inui 2016, 2018).

We are currently working on revealing the expression of stress
genes under various conditions and regulation of stress response
by ECF sigma factors in Rhodococcus strains. The recognized pro-
moter sequences will help us to define the sig regulons.

Supplementary Data
Supplementary data are available at FEMSLE online.
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Table S1. List of oligonucleotide primers. 

Name Sequence Purpose 

SIGAREpECF2 CGCCGGAATTCCACTCTGG 
Cloning of structural gene sigA from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGAREpECR TCTTCTAGAAGCTGGTGTGACTA 
Cloning of structural gene sigA from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGBREpECF GAGAATTCGCCGATAGGGAGG 
Cloning of structural gene sigB from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGBREpECR CTGACTCTAGAGCTGTGTTGTTTGA 
Cloning of structural gene sigB from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGDREpECF2 GCCACTGAATTCCCAGGATTTTCG 
Cloning of structural gene sigD from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGDREpECR CACTCTAGACCGCAGCCAAGTCC 
Cloning of structural gene sigD from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGEREpECF GCACTACGGAATTCGGACAAC 
Cloning of structural gene sigE from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGEREpECR TCCCTCTAGATGATTGACCAC 
Cloning of structural gene sigE from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGHREpECF AGACTCCCGTGAGCTCACCAGTTGAT 
Cloning of structural gene sigH from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGHREpECR CTGTCTAGAAGTCGAGCCTTTC 
Cloning of structural gene sigH from R. 

erythropolis CCM2595 in pEC-XT99A 

SIGAREpETF GAAAGGGCGCATATGGCAGCC 
Cloning of structural gene sigA from R. 

erythropolis CCM2595 in pET-22b 

SIGAREpETR GGTGAAGCTTGTCGAGGTAGTCG 
Cloning of structural gene sigA from R. 

erythropolis CCM2595 in pET-22b 

SIGBREpETF TAGGGAGGCAACATATGACAAGCC 
Cloning of structural gene sigB from R. 

erythropolis CCM2595 in pET-22b 

SIGBREpETR GTGTTGTTCTCGAGGCTCGCGTAG 
Cloning of structural gene sigB from R. 

erythropolis CCM2595 in pET-22b 

SIGDREpETF GATTTTCGCTGCATATGACAAATACGAG 
Cloning of structural gene sigD from R. 

erythropolis CCM2595 in pET-22b 

SIGDREpETR CCTCGCTCGAGGCCAAAGCTCTCACC 
Cloning of structural gene sigD from R. 

erythropolis CCM2595 in pET-22b 

SIGEREpETF AGTCGGAACATATGACGACGGAAT 
Cloning of structural gene sigE from R. 

erythropolis CCM2595 in pET-22b 

SIGEREpETR GAACCCGACTCGAGGAAACCG 
Cloning of structural gene sigE from R. 

erythropolis CCM2595 in pET-22b 

SIGHREpETF AAGGGATCCATATGCTGGAACACGAC 
Cloning of structural gene sigH from R. 

erythropolis CCM2595 in pET-22b 

SIGHREpETR TGCTCTCGAGTCGTGTGACACCTTCCGTCTC 
Cloning of structural gene sigH from R. 

erythropolis CCM2595 in pET-22b 

P1sigBREpEPRF 

GGTCACGGCGTTTTAGCGGAAATCGGCGCGG 

GAACTTTCCCGGAACTCTCACACGTTGAACT 

GTGTGAGAGG 

Cloning of promoter P1sigB from R. 

erythropolis CCM2595 in pEPR1 

P1sigBREpEPRR 

GATCCCTCTCACACAGTTCAACGTGTGAGAG 

TTCCGGGAAAGTTCCCGCGCCGATTTCCGCT 

AAAACGCCGTGACCTGCA 

Cloning of promoter P1sigB from R. 

erythropolis CCM2595 in pEPR1 

P1sigDREpEPRF 

GCGGGAGCACACCCGCTCGGGAGGTGCCACT 

GTAACGCCAGGATTTTCGCTGACGATGACAA 

ATACGAGCGG 

Cloning of promoter P1sigD from R. 

erythropolis CCM2595 in pEPR1 

P1sigDREpEPRR 

GATCCCGCTCGTATTTGTCATCGTCAGCGAA 

AATCCTGGCGTTACAGTGGCACCTCCCGAGC 

GGGTGTGCTCCCGCTGCA 

Cloning of promoter P1sigD from R. 

erythropolis CCM2595 in pEPR1 

P1sigEREpEPRF 

GCCAAGTTGGTCTTTCGCAGCTCGGTGATCG 

GGAACAAATCACAGCAACGGCTGGTTCTCCC 

GAATATCGG 

Cloning of promoter P1sigE from R. 

erythropolis CCM2595 in pEPR1 

P1sigEREpEPRR 

GATCCCGATATTCGGGAGAACCAGCCGTTGC 

TGTGATTTGTTCCCGATCACCGAGCTGCGAA 

AGACCAACTTGGCTGCA 

Cloning of promoter P1sigE from R. 

erythropolis CCM2595 in pEPR1 



P2sigHREpEPRF 

GATCGCCGACAGGTACATCCGACCAGGCCGG 

GAACAGAGTCGCAGACTCCCGTGTTGGTACC 

AGTTGATGAG 

Cloning of promoter P2sigH from R. 

erythropolis CCM2595 in pEPR1 

P2sigHREpEPRR 

GATCCTCATCAACTGGTACCAACACGGGAGT 

CTGCGACTCTGTTCCCGGCCTGGTCGGATGT 

ACCTGTCGGCGATCTGCA 

Cloning of promoter P2sigH from R. 

erythropolis CCM2595 in pEPR1 

P1sigBREp770F 

AATCCGGTCACGGCGTTTTAGCGGAAATCGG 

CGCGGGAACTTTCCCGGAACTCTCACACGTT 

GAACTGTGTGAGAGA 

Cloning of promoter P1sigB from R. 

erythropolis CCM2595 in pRLG770 

P1sigBREp770R 

AGCTTCTCTCACACAGTTCAACGTGTGAGAG 

TTCCGGGAAAGTTCCCGCGCCGATTTCCGCT 

AAAACGCCGTGACCG 

Cloning of promoter P1sigB from R. 

erythropolis CCM2595 in pRLG770 

P1sigDREp770F 

AATCCGCGGGAGCACACCCGCTCGGGAGGTG 

CCACTGTAACGCCAGGATTTTCGCTGACGAT 

GACAAATACGAGCGA 

Cloning of promoter P1sigD from R. 

erythropolis CCM2595 in pRLG770 

P1sigDREp770R 

AGCTTCGCTCGTATTTGTCATCGTCAGCGAA 

AATCCTGGCGTTACAGTGGCACCTCCCGAGC 

GGGTGTGCTCCCGCG 

Cloning of promoter P1sigD from R. 

erythropolis CCM2595 in pRLG770 

P1sigEREp770F 

AATTCCCAAGTTGGTCTTTCGCAGCTCGGTG 

ATCGGGAACAAATCACAGCAACGGCTGGTTC 

TCCCGAATATCGCGA 

Cloning of promoter P1sigE from R. 

erythropolis CCM2595 in pRLG770 

P1sigEREp770R 

AGCTTCGCGATATTCGGGAGAACCAGCCGTT 

GCTGTGATTTGTTCCCGATCACCGAGCTGCG 

AAAGACCAACTTGGG 

Cloning of promoter P1sigE from R. 

erythropolis CCM2595 in pRLG770 

P2sigHREp770F 

AATCCGATCGCCGACAGGTACATCCGACCAG 

GCCGGGAACAGAGTCGCAGACTCCCGTGTTG 

GTACCAGTTGATGAA 

Cloning of promoter P2sigH from R. 

erythropolis CCM2595 in pRLG770 

P2sigHREp770R 

AGCTTTCATCAACTGGTACCAACACGGGAGT 

CTGCGACTCTGTTCCCGGCCTGGTCGGATGT 

ACCTGTCGGCGATCG 

Cloning of promoter P2sigH from R. 

erythropolis CCM2595 in pRLG770 

 



Table S2. Sequences of the vegetative promoters found upstream of the TSSs determined by RNA-seq 

Gene No. Gene  50-nt promoter sequencea 
TSS 

distance 

O5Y_RS12855 sigA ACGGCCCGCCGTGACGTAAGAGTTTCCTGAGAGTCGTTACAATGGTGAAG 92 

O5Y_RS09160 sigD CTGGGCGGGCATGCGGAGACCAGCCGGTCCGGATGGTTACTCTTAGAGGG 88 

O5Y_RS19300 sigE CTCAGGCTCCTCATATGGCGTGCACACCGCGATGAGAAAAGGTGTATACA 217 

O5Y_RS18880 sigG ATTCTCGCCGACGCCTGTGTTTCGGGCGCTCGGCCACTAGTCTGAACAAA 0 

O5Y_RS10370 sigH ACCACCGGCCCGTGGGTCGGATCTTCAGTTGGCGGTAACCTTGATCCCTA 72 

O5Y_RS21805 sigJ CGGTTACATTCATGCCGGATTTAATGTGTGAGGTCCGTATCATGAGGGCA 0 

O5Y_RS21805 sigJ GACGACTTCGTCGGAGGAGCCCGAGCAGGCAACGGCAAGGCTGGACAGAG 330 

O5Y_RS09140 sigK CGAGGGCGGAACGGTCACCGTCACCGGATCCGGTGACAACATAAAGGTCA 172 
aThe proposed -10 hexamers are in bold, underlined 

 



Table S3. Sequences of the analyzed alternative promoters. 

Promoter Nucleotide sequencea TSS 

distance 

P1sigB GTCACGGCGTTTTAGCGGAAATCGGCGCGGGAACTTTCCCGGAACTCTCACACGTTGAACTGTGTGAGAG 27 

P1sigD CGGGAGCACACCCGCTCGGGAGGTGCCACTGTAACGCCAGGATTTTCGCTGACGATGACAAATACGAGCG 10 

P1sigE CCAAGTTGGTCTTTCGCAGCTCGGTGATCGGGAACAAATCACAGCAACGGCTGGTTCTCCCGAATATCG 113 

P2sigH ATCGCCGACAGGTACATCCGACCAGGCCGGGAACAGAGTCGCAGACTCCCGTGTTGGTACCAGTTGATGA 175 

P2sigJ GTATGCGGCGCTCGGCACAGGCAGGTGTGGGGAATGTCAGTTCAACGACAACAGTTGAGCGACATGAGCG 152 
a -35 and -10 promoter regions and TSSs are in bold and underlined. 
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