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has received attention as a potential opportunistic pathogen. We previously determined the
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isolated from an infected root canal of a tooth with persistent apical periodontitis. We found

Rothia mucilaginosa

that the DY-18 genome had only two sigma factor genes that encoded the primary and

ECF sigma factor

extracytoplasmic function (ECF) sigma factors. Genomic analysis on the available database

Disulphide regulation

of R. mucilaginosa ATCC 25296 (a type strain for R. mucilaginosa) revealed that ATCC 25296 has

genomic sequence of R. mucilaginosa DY-18, a clinical strain with biofilm-like structures

three sigma factors: one primary sigma factor and two ECF sigma factors, one of which was
highly homologous to that of DY-18. ECF sigma factors play an important role in the
response to environmental stress and to the production of virulence factors. Therefore,
we first examined gene-encoding sigma factors on R. mucilaginosa genome in silico. The
homologous ECF sigma factors found in strains DY-18 and ATCC 25296 formed a distinct
SigH (SigR) clade in a phylogenetic tree and their cognate anti-sigma factor has a HXXXCXXC
motif known to respond against disulphide stress. Quantitative reverse transcription
polymerase chain reaction (PCR) and microarray analysis showed that the transcriptional
levels of sigH were markedly up-regulated under disulphide stress in both strains. Microarray data also demonstrated that several oxidative-stress-related genes (thioredoxin,
mycothione reductase, reductase and oxidoreductase) were significantly up-regulated
under the diamide stress. On the basis of these results, we conclude that the alternative
sigma factor SigH of R. mucilaginosa is a candidate regulator in the redox state.
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Introduction

Rothia mucilaginosa, formerly classified as Stomatococcus mucilaginosus, is a Gram-positive, coagulase-negative, non-sporeforming coccus with relatively high guanine–cytosine (GC)
content of deoxyribonucleic acid (DNA).1 This organism
belongs to the actinobacteria, which includes the genera
Actinomyces, Corynebacterium, Mycobacterium and Streptomyces,
and is known as a member of the commensal bacterial flora in
the oral cavity and the upper respiratory tract.1,2 Although
several studies have suggested that this organism is a member
of healthy microbiota,3,4 there have been an increasing
number of reports on infections caused by R. mucilaginosa,
especially among immunocompromised patients.5–10 More
recently, Zamakhchari et al.11 showed that R. mucilaginosa
were highly effective in degrading gluten peptides harmful to
coeliac disease patients (gluten-sensitive enteropathy).
In dentistry, Rothia species are also found in clinical
samples taken from the infected root canals of teeth with
apical periodontitis, and in some cases persist after repetitive
endodontic treatment.12–14 Thus, R. mucilaginosa seems to have
potential to survive under harmful environmental conditions
like other oral bacteria do;15–19 however, it still remains
unclear how Rothia species respond to environmental stress.
The responsiveness and adaptation of a few actinobacteria to
various environmental stresses are known to be principally
regulated by sophisticated transcriptional systems, such as
extracytoplasmic function (ECF) sigma factors or one- or twocomponent systems.20,21
We previously determined the genomic sequence of R.
mucilaginosa DY-18, a clinical isolate from a persistent apical
periodontitis lesion. The genome of DY-18 encodes two sigma
factors, one of which is an ECF sigma factor.14 Compared to
other actinobacteria, the number of sigma factors in R.
mucilaginosa is relatively small (microbial signal transduction
(MiST2) database, http://mistdb.com/); however, the response
of this organism against environmental stresses via sigma
factors still remains to be elucidated.
In order to obtain a cue to study how the sigma factors in R.
mucilaginosa play a role in environmental stress responses, we
examined gene-encoding sigma factors on the genomes of R.
mucilaginosa strains DY-18 and ATCC 25296, a type strain of R.
mucilaginosa, by means of bioinformatics and gene expression
analyses. Several lines of evidence obtained from this study
suggested that the ECF sigma factor of R. mucilaginosa is a
candidate regulator in a redox state. Microarray analysis and
real-time reverse transcription polymerase chain reaction
(RT-PCR) revealed that the transcriptional level of the ECF
sigma factor genes was significantly up-regulated under
disulphide stress.

2.

Materials and methods

2.1.

Bacterial strains and bioinformatics analysis

R. mucilaginosa strains DY-1814 and ATCC 25296 were used in
this study. The genome sequences of these strains are
available at DNA Data Bank of Japan (DDBJ) (accession number,

AP011540) and National Center for Biotechnology Information
(NCBI) (accession number, ACVO01000001–ACVO01000025),
respectively. Because we hypothesised that the sigma factors
of R. mucilaginosa somehow relay the environmental stress
signals to the gene expression necessary for responding to
oxidative stress, we first examined profiles of these genes
using bioinformatics analysis on available databases such as
MiST2 (http://mistdb.com/)22 and Basic Local Alignment
Search Tool (BLAST).23 Amino acid sequences of actinobacterial ECF sigma and anti-sigma factors were obtained from
MiST2 and the NCBI (GenBank) protein sequence databases.
Sequences were aligned using multiple alignment with fast
Fourier transform (MAFFT, v6.851b) with strategy L-INS-I.24
Phylogenetic analyses were performed with the Neighborjoining option in MAFFT using all ungapped sites and with
1000 bootstrapping resamplings. A phylogenetic tree and
sequence alignment were drawn with Archaeopteryx 0.957
(http://www.phylosoft.org/archaeopteryx/) and Boxshade
3.21 (http://www.ch.embnet.org/software/BOX_form.html),
respectively. A highly homologous group of sigma factors
was identified by a BLASTP search of GenBank with the amino
acid sequence of ROTMU0001_0778 in ATCC 25296.23,25

2.2.
Diamide treatment and ribonucleic acid (RNA)
isolation
Because bioinformatics analysis of R. mucilaginosa genomes
suggested that the tandem genes encoding an ECF sigma
factor and an anti-sigma factor are involved in a regulation of
disulphide control (see below), we next examined transcriptional levels of these genes under diamide treatment
described elesewhere.26 Each strain was grown aerobically
at 37 8C in trypticase soy broth (TSB) supplemented with 5%
yeast extract (TSB-Y) with shaking or on TSB-Y agar (Becton
Dickinson, Franklin Lakes, NJ, USA). To investigate the
transcriptional levels of sigma factor genes, we grew each
strain in TSB-Y to an optical density at 600 nm of 0.4 and
divided each one into two 10-ml aliquots. Diamide (Sigma–
Aldrich, St. Louis, MO, USA) was added to one of the aliquots to
a final concentration of 5 mM. After 30-min incubation at 37 8C
with shaking, bacteria were chilled on ice. Cells were collected
by centrifugation at 10,000  g for 10 min at 4 8C. Total RNA
was extracted from cells by using the RiboPure bacterial RNA
isolation kit (Ambion, Austin, TX, USA) according to the
manufacturer’s guidelines and was treated with DNase I
(included in the kit) to remove any contaminating DNA. The
concentration of isolated RNA samples was measured
spectrophotometrically on the basis of absorbance at
260 nm (GeneQuant pro, GE Healthcare, Waukesha, WI, USA).

2.3.

Quantitative real-time RT-PCR

The messenger RNA (mRNA) levels of targeted genes were
examined by quantitative real-time RT-PCR (qRT-PCR). Genes
and specific primers designed using in silico Molecular Cloning
Genomics Edition (version 4.1, In Silico Biology, Inc., Yokohama, Japan) are listed in Table 1. qRT-PCR was performed
with the MiniOpticon RT-PCR detection system (Bio-Rad
Laboratories Inc., Hercules, CA, USA) using the iScript onestep RT-PCR kit with SYBR green (Bio-Rad Japan, Tokyo, Japan)
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Table 1 – Primers used in this study.
Sequences (50 –30 )

Primers
RT-PCR
DY_sigA_RT_F
DY_sigA_RT_R
DY_sigH_RT_F
DY_sigH_RT_R
DY_rpoB_RT_F
DY_rpoB_RT_R
DY_gyrB_RT_F
DY_gyrB_RT_R
ATCC_sigA_RT_F
ATCC_sigA_RT_R
ATCC_sigH_RT_F
ATCC_sigH_RT_R
ATCC_sigRA_RT_F
ATCC_sigRA_RT_R
ATCC_rpoB_RT_F
ATCC_rpoB_RT_R
ATCC_gyrB_RT_F
ATCC_gyrB_RT_R
Primer extension analysis
PE_sigA_F
PE_sigA_R
PE_sigH_F
PE_sigH_R

AGTGGAGCTGTTCCTGCAG
AGAACTCGGCAAGGAACTC
TGCAGGAAACCTACATGAAG
TGATGTACGTATTCGTCAGG
ACATACGACCGTAGTGCG
TCGCAGTTCATGGACCAG
TCTTCGGCTTCAAAGGAG
GACGAGGTTGCTGAAGAG
CAAGGACTACCTCAAGCAG
TGAGGTCCTTGTCCATGTC
ACCGCATCCTGACGAATAC
CTCACGAACCTCCGTATTC
TGATGCAGAAGGACTCGAAG
ACTTCACTGGACTCAGCCG
TGGACATCTACCGCAAGC
CTGGCTCAGAACGGAAGC
AGTCCGTCTACTCGTACGC
GAGGTTATCGTCCTTATCG

TTGCAGACAAAGCACCCCACCACAAGCCAG
TGGTTGCCTTCTTGGTGCGGGTGGTCTTGG
ACGCCCGGCGCGTTCCTGTAGAGGAGAAAC
GCAGGGCGGCAGCGTAGAGCTGATCCACAT

according to the manufacturer’s protocols. Data were analysed with Bio-Rad CFX Manager Software, and expression
levels of genes with or without diamide treatment were
normalised to gyrB expression and were reported as a fold
change.

2.4.

Primer extension analysis

The transcriptional start sites were identified by a primer
extension assay using a 6-carboxyfluorescein (FAM)-labelled
primer and the GeneScan analysis system (Applied Biosystems Japan, Tokyo, Japan) as described by Lloyd et al.,27 with
some modifications. Purified RNA was reverse transcribed into
complementary DNA (cDNA) with SuperScript III reverse
transcriptase (Invitrogen, Carlsbad, CA, USA) by using primer
PE_sigA_R or PE_sigH_R (Table 1) to form FAM-labelled cDNA
according to the manufacturer’s protocols. cDNA samples
were mixed with a GeneScan LIZ-500 internal size standard
(Applied Biosystems) and denatured at 95 8C for 5 min. Then,
samples were chilled quickly on ice and loaded onto an ABI
PRISM 3130xl sequencer (Applied Biosystems). To accurately
determine the reverse transcriptional product size of sigH or
sigA, PCR reactions were performed with genomic DNA as the
template. The products amplified with the primers used in the
extension analysis and newly designed primers (PE_sigA_F or
PE_sigH_F, Table 1) from the sequences around the determined transcription starting points were used as controls.
Electrophoretograms were aligned according to the size
standards using the GeneMapper v4.0 software (Applied
Biosystems).

2.5.

683

Microarray analysis

A whole genome microarray for R. mucilaginosa DY-18 was
custom-designed and provided by NimbleGen Systems, Inc.
(Madison, WI, USA). In this microarray, each of the 1992 coding
sequences (CDS) in the genome of R. mucilaginosa DY-18
(GenBank accession number NC_013715) was represented by
nine probes of 60-mer oligonucleotides, and each chip was
designed to have four technical replicates. The cDNA synthesis, hybridisation and image acquisitions were performed by
NimbleGen Systems, Inc. For each condition, two independent
biological replicates containing a technical duplicate were
tested. Data analysis was performed using Subio platform
version 1.6 (Subio Inc., Tokyo, Japan).

3.

Results

3.1.

In silico characterisation of the ECF sigma factors

The genome of R. mucilaginosa DY-18 encodes two sigma
factors: the essential sigma factor designated as SigA
(RMDY18_07350) and the alternative sigma factor
(RMDY18_07090), which belongs to the ECF subgroup.14
According to the MiST2 database,22 the draft genome of R.
mucilaginosa ATCC 25296 encodes two ECF sigma factors
(ROTMU0001_0778 and ROTMU0001_0903). To gain insight
into the function of the ECF sigma factor in this species, a
multiple alignment of the amino acid sequences of selected
sigma factors was performed with the MAFFT program.24
Then, the unrooted phylogenetic tree was obtained by using
the neighbour-joining algorithm.28 In this phylogenetic tree,
two ECF sigma factors (RMDY18_07090 in DY-18 and
ROTMU0001_0903 in ATCC 25296) formed a monophyletic
clade together with SigH proteins in Mycobacterium tuberculosis
and corynebacteria and SigR in Streptomyces coelicolor (Fig. 1).
Evidence in the literature indicates that SigH (or SigR) proteins
play an important role as central regulators for disulphide
control in actinobacteria and that the transcription of their
genes is modulated by a regulatory system consisting of SigH
(SigR) and the SigH (SigR)-specific, zinc-containing, disulphide-sensitive anti-sigma factor.29,30 Consistent with the
previous studies on M. tuberculosis,30 the putative anti-sigma
factor genes (RMDY18_07080 in DY-18 and ROTMU0001_0902
in ATCC 25296) seemed to form an operon with the ECF sigma
factors (RMDY18_07090 and ROTMU0001_0903), respectively.
These putative anti-sigma factor genes have a canonical
HXXXCXXC motif (Fig. 2) known to respond to disulphide
stress.29,30 The conservation of this motif in anti-sigma factor
suggests that the operon found in DY-18 and ATCC 25296
might be involved in disulphide regulation. Thus, the ECF
sigma factor and the putative anti-sigma factor found in two
strains of R. mucilaginosa have been designated SigH and antiSigH (RshA), respectively.
Another ECF sigma factor found in ATCC 25296
(ROTMU0001_0778) did not belong to any ECF sigma factor
branches discussed in this study (Fig. 1). A BLASTP search
using this ECF sigma factor sequence as a query identified a
highly homologous group of sigma factors (E-value <10100)
within oral actinobacteria: R. dentocariosa (YP_003983674 and
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Fig. 1 – Phylogenetic tree of actinobacterial ECF sigma factors, including that of R. mucilaginosa DY-18 and ATCC 25296. The
unrooted phylogenetic tree was inferred from aligned sigma factor sequences of R. mucilaginosa DY-18 (RmDY), R.
mucilaginosa ATCC 25296 (RmAT), Mycobacterium tuberculosis H37Rv (Mt), Streptomyces coelicolor A3(2) (Sc), Corynebacterium
diphtheriae NCTC 13129 (Cd), and Corynebacterium glutamicum ATCC 13032 (Cg). For several nodes of interest, bootstrap
values are indicated at the nodes. The GenBank accession numbers for ECF sigma factors used are as follows: RmDY_7090,
BAI64541; RmAT_0778, ZP_05368009; RmAT_0903, ZP_05368129; Mt_SigC, CAA98224; Mt_SigD, CAB01009; Mt_SigE,
CAB10918; Mt_SigG, CAB09733; Mt_SigH, CAB08314; Mt_SigI, CAA15866; Mt_SigJ, CAA17100; Mt_SigK, CAA17402; Mt_SigL,
CAA17502; Mt_SigM, CAA16224; Cd_SigC, NP_938668; Cd_SigD, NP_938953; Cd_SigE, NP_939356; Cd_SigE1, NP_939244;
Cd_SigH, NP_939083; Cd_SigK, NP_938496; Cg_SigC, NP_599507; Cg_SigD, NP_599836; Cg_SigE, NP_600348; Cg_SigH,
NP_599995; Cg_SigM, NP_602281; Sc_SigE, NP_629295; Sc_SigR, NP_629363; Sc_SigK1, NP_625996; Sc_SigK2, NP_624943;
Sc_SigL1, NP_627178; Sc_SigL2, NP_625240; Sc_SigM, NP_628078. Scale bar, 0.1% amino acid substitution.

ZP_07072575), Actinomyces oris (ZP_08126557), A. viscosus
(ZP_08233082), A. odontolyticus (ZP_02045262, ZP_06607845)
and Actinomyces sp. oral taxon (ZP_08033568, ZP_08293716).

3.2.

Diamide stress-mediated induction of sigH

Next, we addressed the issue of whether the operon found in R.
mucilaginosa is actually involved in disulphide regulation. We
compared the mRNA levels of several genes including sigH
before and after exposure to diamide by qRT-PCR in R.
mucilaginosa DY-18 and ATCC 25296. The relative quantity of
the target mRNA was normalised to the level of gyrB
(RMDY18_00040) encoding the subunit of gyrase as an internal
standard and the expression levels of target genes before and
after treatments were then compared. The mRNA level of sigH
in DY-18 cultures with diamide treatment showed more than
100-fold increase compared to those of untreated cultures. The

transcriptional levels of sigA in DY-18 cultures with diamide
were 10-fold higher than those of cultures without diamide
(Fig. 3A). Similar results were obtained in the experiments
with ATCC 25296 (Fig. 3B). The mRNA levels of rpoB as controls
did not show significant changes in both strains (Fig. 3). The
mRNA level of another ECF sigma factor in ATCC 25296
(ROTMU0001_0778) did not show significant changes after the
diamide treatment (Fig. 3B).

3.3.
Putative SigH binding site and transcription start
sites in the upstream region of sigH
Primer extension assay revealed that R. mucilaginosa DY-18 had
two transcription start sites in the upstream region of sigH and
one site in the upstream region of sigA when the cells were
exposed to the diamide stress (Fig. 4A). When the cells were
not exposed to diamide, we could not detect any signals
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Fig. 2 – Protein sequence alignment of anti-SigH (SigR). Conserved cysteines and the canonical HXXXCXXC motif are
indicated by asterisks and a line, respectively. Conserved residues are shaded in gray, and highly conserved residues are
displayed in white against black background. MAFFT was used to create the alignment. The length of each protein is listed
at the end of the alignment. Accession numbers for anti-sigma factors are as follows: RmDY (RMDY18_07080 of R.
mucilaginosa DY-18), YP_003362360; RmAT (ROTMU0001_0902 of R. mucilaginosa ATCC 25296), ZP_05368128; Mt (Rv3221A of
M. tuberculosis), YP_177945; Cd (DIP0710 of C. diphtheriae), NP_939084; Cg (cg0877 of C. glutamicum), YP_225058; and Sc
(SCO5217 of S. coelicolor), NP_629364.

indicating the transcription start sites in the upstream regions
of sigH and sigA in both strains (data not shown). The
consensus sequences for the putative SigH binding site, which
is known to be conserved in M. tuberculosis and S. coelicolor,31,32
were found at 10 and 35 nt from the sigH transcription start
site (Fig. 4B). In contrast, the putative SigH binding site did not
exist in an appropriate position in the upstream region of sigA
(Fig. 4B).

3.4.
Microarray analysis of gene expression patterns
under the diamide stress

[(Fig._3)TD$IG]

To verify that the operon consisting of sigH and rshA is
involved in the response against diamide stress and to see
what kind of genes are up- or down-regulated in this event, we

conducted a microarray analysis using a whole genome chip
for R. mucilaginosa DY-18. The transcription levels of sigH and
rshA were up-regulated at least 4.9-fold (in base 2 logarithm) in
the cultures with diamide stress as compared to those of
cultures without diamide (Table 2). The transcription level of
sigA in the diamide-treated cultures showed a 3.5-fold
increase. The data also demonstrated that several oxidativeand heat-stress-related genes were significantly up-regulated
under the diamide stress. For example, genes encoding
thioredoxins (RMDY_19830 and RMDY_08700) and mycothiol
metabolic enzyme (RMDY_13730) (Table 2), which are known
as major antioxidant systems under the control of SigH in
actinobacterial species,33,34 and the gene encoding OsmC
(RMDY18_05850), which play a role in the protection
of mycobacteria against oxidative stress,35 are significantly

Fig. 3 – Relative mRNA levels of sigH, sigA, and rpoB after exposure to oxidative stress caused by diamide in DY-18 and
ATCC25296. After the application of 5 mM diamide for 30 min, the cells were washed with TSB-Y medium and total RNA
was extracted. The relative amounts of transcripts in DY18 (A) and ATCC25296 (B) were subsequently determined by realtime RT-PCR and calculated in relation to that of an untreated control culture. Experiments were carried out with three
biological replicates. 0778: ROTMU0001_0778.
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[(Fig._4)TD$IG]

Fig. 4 – Putative SigH binding and transcription starting sites in upstream of sigH. (A) Primer extension electrophoregrams of
the upstream regions of sigH and sigA. (B) The sequences of the sigH and sigA upstream regions are shown, and
transcription initiation sites are indicated with bent arrows. Lines under the sequences correspond to the putative SigHdependent promoters. Double lines under the sequences correspond to the start codon of sigH or sigA genes. The consensus
sequences recognized by SigH of M. tuberculosis and SigR of S. coelicolor are shown at the bottom. Nucleotides of the
consensus sequence conserved in more than 80% of the sequences are in capital letters.

up-regulated. In addition, seven genes, encoding reductase or
oxidoreductase involved in transmitting electrons from one
molecule to another, and three genes, concerned with
transport system or transcriptional regulation, showed upregulated transcriptional levels (Table 2). In contrast, the
diamide treatment down-regulated several genes encoding
the H+-translocating adenosine triphosphatase (ATPase) (FoF1
ATPase) (Table 2).

4.

Discussion

Sigma factors are crucial for prokaryotic transcription initiation where different sigma factors are activated in response to
various environmental changes and which enable RNA
polymerase binding to promoters of genes suitable for the
circumstance.21,36 The number of sigma factors varies among
bacteria; for example, obligate symbionts Chlamydia and

Rickettsia do not have ECF sigma factors. Borrelia, Mycoplasma
and Aquifex, whose genome size is relatively small (less than 2
Mb), exist without ECF sigma factors also.37 In contrast, 40–50
ECF sigma factors per genome are encoded in Acidobacteria,
Actinobacteria and Bacteroidetes, and 103 ECF sigma factors in
the Catenulispora acidiphila genome (Actinobacteria) should be
described (MiST2 database) as a particular case. M. tuberculosis,
which belongs to the Actinobacteria, has 10 sigma factors of
the ECF sub-family among 13 sigma factors in total. These
factors enable this bacterium to cope with various environmental conditions.21,38 Some ECF sigma factors, such as SigD,
SigE, SigC and SigH, are involved in the virulence of M.
tuberculosis.38–40 In this study, we attempted to characterise the
sigma factors of R. mucilaginosa, which belongs to Actinobacteria and has an extremely low number of ECF sigma factors
(one in DY-18 and two in ATCC 25296) as compared to most of
the other strains. It is plausible that R. mucilaginosa might
modulate their virulence and/or gene expressions for survival
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Table 2 – Genes induced or repressed by diamide stress.
Category and
gene

Ratio

Induced genes
RMDY18_05850
RMDY18_00990
RMDY18_16680
RMDY18_12060

8.4
7.7
7.5
6.6

RMDY18_00970
RMDY18_18240
RMDY18_14560

6.6
6.4
6.4

RMDY18_02510

6.4

RMDY18_00980
RMDY18_18550

6.3
6.2

RMDY18_04020
RMDY18_07080
RMDY18_14550
RMDY18_16690

6.2
6.2
6.1
6.1

RMDY18_18530
RMDY18_19830
RMDY18_19810
RMDY18_02650
RMDY18_19820

6.1
6.0
5.9
5.8
5.8

RMDY18_00960
RMDY18_00670
RMDY18_00680
RMDY18_09110
RMDY18_00690
RMDY18_18100
RMDY18_08700
RMDY18_18560

5.7
5.6
5.6
5.4
5.4
5.3
5.3
5.1

RMDY18_07320
RMDY18_00830

5.1
5.0

RMDY18_11060
RMDY18_08690
RMDY18_15670

5.0
4.9
4.9

RMDY18_07090

4.9

RMDY18_10160
RMDY18_12310
RMDY18_11630
RMDY18_18540

4.9
4.8
4.7
4.6

RMDY18_11640

4.6

RMDY18_18400

4.6

RMDY18_13730

4.5

Repressed genes
RMDY18_12900
RMDY18_12890
RMDY18_04530
RMDY18_12870
RMDY18_04500
RMDY18_12910
RMDY18_12880
RMDY18_12860

6.3
6.1
6.1
5.8
5.5
5.3
5.1
5.0

Product

OsmC-like protein
Conserved hypothetical protein
Hypothetical protein
Peptide methionine sulfoxide
reductase
Hypothetical protein
Hypothetical protein
Helix-turn-helix containing
protein
Pyridine nucleotide-disulphide
oxidoreductase
Heavy-metal-associated protein
L-Cystine transport system permease protein, TcyB
Flavin dependant oxidoreductase
Anti-sigma factor, RshA
Hypothetical protein
Oxidoreductase, aldo/keto
reductase family protein
Hypothetical protein
Thioredoxin
Hypothetical protein
Iron dependent repressor
Pyridine nucleotide-disulphide
oxidoreductase
Hypothetical protein
Acyl-CoA dehydrogenase
Hypothetical protein
DsbA oxidoreductase, FrnE
Conserved hypothetical protein
RNase H
DsbA-like thioredoxin
L-Cystine transport system, binding protein
Conserved hypothetical protein
Arsenical resistance operon repressor, ArsD
Conserved hypothetical protein
Hypothetical protein
SUF system FeS assembly protein,
NifU family
RNA polymerase sigma factor,
SigH
Chaperone protein, DnaJ
Methionine sulfoxide reductase
Hypothetical protein
Amino acid ABC transporter,
ATP-binding protein
6,7-Dimethyl-8-ribityllumazine
synthase
NAD dependent sugar epimerase/
dehydratase family
Mycothione reductase

ATP synthase subunit B (FoF1)
Hypothetical protein
Nitrate reductase delta subunit
Hypothetical protein
Molybdopterin oxidoreductase
ATP synthase subunit C (FoF1)
ATP synthase delta subunit (FoF1)
ATP synthase alpha/beta family
(FoF1)

Table 2 (Continued )
Category and
gene

Ratio

RMDY18_12850

4.8

Product
ATP synthase gamma subunit
(FoF1)

Relative ratios of the transcript levels after diamide treatment
determined by DNA microarray analyses are shown in the base 2
logarithm. Genes encoding sigma and anti-sigma factors are
indicated in bold.
Annotation based on BLASTP searches (http://www.ncbi.nlm.nih.gov/BLAST/) and Pfam 25.0 (http://pfam.sanger.ac.uk/).

by the limited number of ECF sigma factors. Based on the in
silico analysis in this study, the ECF sigma factor in DY-18
(RMDY18_07090) and ATCC 25296 (ROTMU0001_0903) was
designated as SigH, which is known as a central regulator of
disulphide control in other actinobacteria such as Mycobacterium and Streptomyces.41 Previous studies evidently showed
that the transcriptional level of sigH is markedly up-regulated
by diamide, the thiol-specific oxidating agent.26,29 Judging
from our data consistent with the previous study, the
alternative sigma factor SigH of R. mucilaginosa could be a
regulator in response to the disulphide state.
As the primary sigma factor, SigA, is believed to control
the transcription of many housekeeping genes,21,36 we
hypothesised that the expression of sigA itself would not
be affected significantly by environmental changes. However, our gene-expression studies with qRT-PCR and microarrays revealed that the expressions of sigA in two strains of
R. mucilaginosa were up-regulated by diamide treatment as a
lesser extent compared to the sigH expression. Primer
extension assay did not find a putative binding site of SigH
in the upstream region of sigA. Because of the limited
number of the sigma factors in R. mucilaginosa, it is plausible
that other regulatory mechanisms, such as a one- or twocomponent system, might be involved in redox response
and then indirectly up-regulate the expression of housekeeping sigma factor SigA, although relays of signal
transduction are unknown.
A DNA microarray of the R. mucilaginosa revealed 40 genes
with more than 4.5-fold (in base 2 logarithm) enhanced
expression after diamide treatment, including genes encoding
functions in the thioredoxin family and OsmC, which are
known as major antioxidant systems under the control of SigH
in actinobacterial species.41 Further, several genes encoding
reductase, oxidoreductase, transporter or transcriptional
regulator showed up-regulated transcriptional levels (Table
2). These systems and proteins in R. mucilaginosa might be
important for responding against disulphide stress.
A total of 10 genes exhibited greater than 4.5-fold (in base 2
logarithm) decreased expression; five of them were ATP
synthase genes. In the case of S. coelicolor, these genes were
down-regulated by diamide independently of the redox sigma
factor regulation.34 Although the mechanism behind the
down-regulation of genes involved in ATP synthase in this
organism is unknown, it is conceivable that R. mucilaginosa can
use a strategy similar to that of S. coelicolor for resisting diamide
stress.
We found that R. mucilaginosa has a limited number of ECF
sigma factors, which are up-regulated under disulphide stress.
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Our microarray data suggested that this organism has similar
disulphide stress responses to those of Mycobacteria whose
system against oxidative stress is well studied.33,42 In
Mycobacterium, other stress response systems such as onecomponent and two-component systems and other multiprotein enzyme systems are known to be involved in their
oxidative stress response.42 Therefore, it is still to be
elucidated how the relatively simple ECF sigma system in R.
mucilaginosa shares roles with other stress response systems
under oxidative stress. Two-component signal transduction
and quorum sensing systems have been reported to be redoxcontrolled in Streptococcus mutans.15–17 Porphyromonas gingivalis,
a major periodontopathic bacterium, seems to have at least
two systems against oxidative stress, OxyR-mediated and
SigH-mediated systems.18,19 Therefore, it is conceivable that
substantial and complicated connection between different
stress response systems might exist in R. mucilaginosa. We
presume that elucidating such systems behind the phenomenon observed in this study might contribute to understand the
reason why R. mucilaginosa is a member of various bacterial
species that persist in root canal system and cause apical
periodontitis.43
The function of another ECF sigma factor in ATCC 25296
(ROTMU0001_0778) could not be determined in this study.
Because this ECF sigma factor and the factors from oral Rothia
and Actinomyces species formed a highly homologous group, it
is conceivable that these sigma factors have a common role to
reside in the oral environment. Unfortunately, we also could
not figure out the direct interaction between the gene
expression events via SigH and the biofilm formation of this
organism.14 While a series of studies indicate that an ECF
sigma factor AlgU (sE) and an anti-sigma factor MucA regulate
biofilm formation of Pseudomonas aeruginosa, which is a
prototype of biofilm-forming bacteria,44–46 recent studies
have shown that the regulation of biofilm formation in a
variety of bacterial species occurs via bis-(30 –50 )-cyclic dimeric
guanosine monophosphate (c-di-GMP), a ubiquitous bacterial
second messenger.47,48 Therefore, it is still controversial
whether the sigma factor-dependent induction of gene
transcription is existent behind the synthesis of adhesins
and biofilm matrix components of this organism. These
issues should be addressed in our future studies using a
suitable molecular tool that is capable of introducing specific
targeted mutagenesis on sigH as well as genes highlighted in
this study.
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