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Abstract

Like other bacteria, Mycobacterium spp. have developed different strategies

in response to environmental changes such as nutrient limitations and other

different stress situations. We have identified candidate genes (rsb genes)

from Mycobacterium marinum involved in the regulation of the activity of

the alternative sigma factor, rF. This is a homolog of the master regulator

of general stress response, rB, and the sporulation-specific sigma factor, rF,

in Bacillus subtilis. The organization of these genes in M. marinum and

B. subtilis is similar. Transcriptome and qRT-PCR data show that these

genes are indeed expressed in M. marinum and that the levels of expression

vary with growth phase and exposure to stress. In particular, cold stress

caused a significant rise in the expression of all identified rsb and sigF

genes. We discuss these data in relation to what is currently known for

other Mycobacterium spp.

Introduction

Species of the Mycobacterium genus are acid fast and

robust; they inhabit various environmental reservoirs, for

example, ground- and tapwater, soil, animals, and

humans. The genus includes nonpathogenic environmen-

tal bacteria, opportunistic pathogens, and highly success-

ful pathogens such as Mycobacterium tuberculosis, the

causative agent of tuberculosis (Primm et al., 2004; Vae-

rewijck et al., 2005; Russell, 2007). Like other bacteria,

Mycobacterium spp. compete for nutrients, and they have

developed sophisticated ways to adapt to different

environmental stresses. Here, both phosphorylation-

dependent signal systems and alternative r-factors play

essential roles as switches that alter gene expression

patterns globally (Storz & Hengge, 2011). A number of

studies, of in particular Bacillus subtilis suggest that a spe-

cific protein complex, the stressosome (the ‘RsbRST’

complex), is involved in the activation of the alternative

r-factor, rB, in response to diverse environmental stres-

ses (Pan�e-Farr�e et al., 2005; Parida et al., 2005; Hecker

et al., 2007; de Been et al., 2011). Candidate genes encod-

ing proteins that constitute the ‘RsbRST’ complex and

that regulate the activity of rF, the r-factor correspond-

ing to the B. subtilis rB (and the sporulation r-factor
rF), have been identified in Mycobacterium spp. For

example, Mycobacterium avium subsp. paratuberculosis

(MAP) encodes homologs to the RsbRST module (rsbR,

rsbS, and rsbT), while the rF anti-sigma factor, usfX

(rsbW), and its antagonist, rsfB (rsbV), have been identi-

fied in M. tuberculosis. M. tuberculosis also encodes

MursiF (rv1364c), a protein composed of domains that

are also present in RsbV, RsbW, and RsbU. The gene

encoding a homolog of the B. subtilis rsbU has not been

identified in Mycobacterium spp. (Beaucher et al., 2002;

Pan�e-Farr�e et al., 2005; Parida et al., 2005; Sachdeva

ª 2013 Federation of European Microbiological Societies FEMS Microbiol Lett 342 (2013) 98–105
Published by Blackwell Publishing Ltd. All rights reserved

M
IC

RO
BI

O
LO

G
Y

 L
ET

T
ER

S  by guest on M
ay 9, 2016

http://fem
sle.oxfordjournals.org/

D
ow

nloaded from
 

http://femsle.oxfordjournals.org/


et al., 2008; see below). Information is scarce about when

and under what conditions these genes are expressed and

if the corresponding proteins mutually interact. Here, we

have identified candidate stressosomal genes in the fish

pathogen Mycobacterium marinum. Moreover, we present

data showing that these genes are differentially expressed

under different growth conditions and that the corre-

sponding proteins interact in accordance with predictions

based on studies of the B. subtilis system.

Materials and methods

Bacterial strains, media, and growth conditions

The M. marinum CCUG20998 attB::rfp-hygR strain was

used. This strain contains the gene for RFP (red fluores-

cent protein) linked to the hygR gene and integrated into

the genome at the L5 attB site (Mutoji & Ennis, 2012).

Cells were grown at 30°C in 7H9 media supplemented

with 100 lg mL�1 Hygromycin B. At OD600 nm = 0.4–0.6
(exponential phase) or 3.6–4.6 (stationary phase), the

cells were harvested by centrifugation (3820 g) at room

temperature. The pellets were frozen in liquid nitrogen

and stored at �80°C. For heat and cold stress, the

cultures were shifted to 42°C and 4°C, respectively, and
incubated for an additional 24 h before harvesting, as

described above (for the cold-stressed sample, centrifuga-

tion was performed at 4°C). Oxidative stress was induced

by the addition of 10 mM H2O2 (Chauhan et al., 2006;

Wu et al., 2007; Arnvig & Young, 2009) followed by fur-

ther incubation for 24 h at 30°C. The stress-free control

and anaerobic/microaerobic stress cultures were prepared

by pelleting a sample of the exponential culture followed

by addition of fresh prewarmed media. The former was

incubated for another 24 h, while the latter was incubated

without shaking and harvested after the disappearance of

the blue color in a parallel culture treated with methylene

blue (Chauhan et al., 2006). OD600 nm was measured at

the time of harvest to monitor the effect of stress on cell

growth (not shown).

RNA extraction, cDNA preparation, qRT-PCR,

and RNA sequencing

Cells stored at �80°C were thawed on ice and resus-

pended in TRIzol (Invitrogen). RNA was extracted and

converted to cDNA following the protocols given in sup-

porting information. Quantitative RT-PCR (qRT-PCR)

was performed with the primers listed in Table S1 and as

described in supporting information, while RNA sequenc-

ing was performed at the SNP@SEQ Technology Plat-

form at Uppsala University on a HiSeq2000 (Illumina)

platform.

Cloning, bacterial two-hybrid system and

assessment of positive protein–protein

interactions

An Escherichia coli two-hybrid system (Karimova et al.,

1998; Ladant & Karimova, 2000; Euromedex) was used to

study the interaction between different Rsb proteins. The

different rsb genes were cloned pairwise into the plasmids

pKT25 or pKNT25 and pUT18 or pUT18C as outlined in

supporting information with the primers listed in Table

S2. The resulting plasmids were transformed pairwise

into the E. coli strain BTH101 (StrR) and streaked on

LA-plates supplemented with 50 lg mL�1 kanamycin,

100 lg ml�1 ampicillin, and 100 lg mL�1 streptomycin.

Colonies were restreaked and plated on LA-plates con-

taining 50 lg mL�1 kanamycin, 100 lg mL�1 ampicillin,

40 lg mL�1 X-Gal, and 0.5 mM IPTG according to the

manufacturer’s protocol; formation of blue colonies was

scored as a positive result. Determination of b-galactosi-
dase activity was carried out according to Miller (1972).

As controls, b-galactosidase activities were measured

using cells transformed with pairs of empty vectors. The

significance of b-galactosidase activity data was analyzed

statistically using the Student’s t-test (two-tailed).

Antibodies and Western blot analysis

Genes encoding His-tagged M. marinum RsbR and

RsbUW proteins were cloned (for primers, see Table S2)

and expressed in E. coli; the proteins were purified and

used to raise antibodies in rabbits (Innovagen). These

antibodies were used to detect expression of RsbR and

RsbUW by Western blot analysis following standard

protocols in lysates of M. marinum cells that had been

grown as described above.

Results

Candidate genes for a general stress pathway

in M. marinum

To identify M. marinum genes involved in stress res-

ponse, we used the M strain (Stinear et al., 2008) and

searched for homologs to known stress response genes in

B. subtilis. The search was conducted as outlined in sup-

porting information and Table 1. It appeared that all the

genes (except rsbU) in the Rsb-mediated stress-signaling

pathway are present in M. marinum, but the gene synteny

is different compared with B. subtilis (Fig. 1). These genes

are also present in the ATCC strain M. marinum CCUG

20998 (not shown). In the subsequent analysis, we have

used the B. subtilis nomenclature, RsbV, RsbR, RsbS,

RsbT, and RsbX, respectively. By analogy, MMAR_5186 is
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referred to as RsbUW due to the presence of domains

homologous to both RsbU and RsbW. MMAR_3991 is

referred to as RsbUVW rather than RsbU to reflect the

sequence similarity with all the three proteins (RsbU, V,

and W), while the RsbW annotation is used for

MMAR_1247.

Gene expression profiles

To confirm that the genes were actually transcribed, we

isolated total RNA from exponential and stationary cul-

tures of M. marinum and performed transcriptome analy-

sis by RNA sequencing (Fig. 2a). Transcripts from all rsb

and sigF genes were detected, and the data suggest (after

normalization) that the levels of the rsb and sigF gene

transcripts were higher in exponential phase relative to

those in stationary phase with the exception of rsbV and

rsbUVW. However, the difference was not more than five-

fold (rsbR). To confirm and validate these data, we deter-

mined the relative expression levels from at least two

independent samples by quantitative real-time PCR

(qRT-PCR). The cells were grown under the same condi-

tions, as described for the transcriptome analysis. The

overall patterns of expression were similar using the two

methods (Fig. 2a) except for rsbV. On the basis of the

transcriptome data, there appeared to be no significant

difference in the level of rsbV in stationary and exponen-

tial phases. However, the qRT-PCR data suggest that it

was significantly higher in exponential phase (P: 0.05).

Moreover, the expression of rsbR in the two different

phases did not display a significant difference between

them. All other genes showed significantly higher mRNA

levels in exponential phase (P: 0.05–0.01). On the basis of

these data, it seems that the genes that are colocalized

and share the same directionality (Fig. 1; rsbR to rsbUW

and rsbW-sigF) have similar expression profiles in expo-

nential and stationary phase grown cells. This is as to be

expected if they are cotranscribed. By contrast, rsbUVW is

transcribed at a significantly lower level, and this does

not change to any significant extent when going from

exponential to stationary phase. In conclusion, the rsb

genes and sigF are expressed, and the expression levels

vary with growth phase. In addition, the presence and

expression of RsbR and RsbUW were confirmed by Wes-

tern blot analysis using antibodies against these two pro-

teins (Fig. 3).

Levels of rsb gene transcripts in response to

stress

Next, we analyzed the levels of the various rsb and sigF

transcripts in response to different stress conditions.

M. marinum cells were grown in 7H9 media, and atT
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OD600 nm = 0.4–0.6, the cultures were subjected in parallel

to four different stressors: heat (42°C), cold (4°C), oxida-
tive, and anaerobic/microaerobic for 24 h (Materials and

methods). Total RNA was extracted, and the levels of rsb

and sigF transcripts were determined by qRT-PCR.

Figure 2b shows that the levels of all transcripts increased

significantly when the cells were subjected to cold stress,

while a modest increase was observed for the majority of

the genes under heat stress conditions. No change was

detected after the cells had been exposed to oxidative

stress. Exposure to anaerobic conditions resulted in an

overall reduction in the levels of both rsb (except rsbV

and rsbUVW) and sigF transcription products. These data

suggest that the levels of expression of these genes are

subject to transcriptional regulation when M. marinum is

exposed to certain stress conditions.

Rsb protein interactions

Considering the rsb gene synteny and that the various

Rsb proteins are expressed in M. marinum, we decided to

investigate whether the Rsb protein interactions are simi-

lar to those in B. subtilis (Pan�e-Farr�e et al., 2005; Hecker

et al., 2007). For this purpose, we used a bacterial two-

hybrid system as outlined in Materials and methods

(Karimova et al., 1998; Ladant & Karimova, 2000; see also

rsbR rsbS rsbT rsbU rsbV rsbW sigB rsbX

rsbUW

sigFrsbUVW

BS

MA

MM

MA

MM

Fig. 1. Comparison of the genome organization of the rsb genes. The organization of the genes for the B. subtilis (BS) Rsb stress pathway

proteins is shown together with putative genes of this pathway in Mycobacterium avium (MA) and M. marinum (MM) (see text for details). Boxes

(not to scale) with identical and unique patterns indicate the corresponding genes and the name of the gene is defined for B. subtilis (or when

absent in this organism, for M. avium). The pointed end of the boxes indicates the direction of transcription. Boxes aligned to the same solid line

indicate that they are located next to each other in the same region of the chromosome.
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Fig. 2. Expression of the rsb genes during different growth and stress conditions. (a) The mRNA levels were quantified using RNA sequencing

(transcriptome) or quantitative real-time PCR (qRT-PCR) from cells growing in exponential or stationary phase, and the ratio of exponential-to-

stationary expression levels was calculated and plotted. The RNA sequencing data are based on a single replicate samples, while the qRT-PCR

data show the average of at least two replicate samples with the experimental error indicated. Each gene is indicated by a different color. (b) rsb

and sigF RNA levels were determined under various stress conditions by qRT-PCR. The average of at least two samples is shown with

experimental errors indicated. The ratio for each stress condition in relation to the stress control (marked with a C) was calculated, and log10
values for these ratios were plotted. Anaerobic/microaerobic, heat, cold, and oxidative refers to the different stressors applied (see text for

details). Bars below the x-axis indicate lower RNA levels than the stress control, and bars above the x-axis indicate higher RNA levels. Each gene

is indicated by a separate color as defined in the figure. For qRT-PCR conditions, primers and probes see supplementary information and Table

S1.
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Fig. 4). If two proteins interact, the resulting colonies are

blue, due to the expression of b-galactosidase, on indica-

tor plates supplemented with X-gal and IPTG (Fig. 4a).

The b-galactosidase activity was subsequently quantified,

and the results are presented in Fig. 4b. As summarized

in Fig. 4c, these data suggest that RsbR interacts with

RsbS and that RsbR interacts with itself. Likewise, RsbT

interacts with itself as well as with RsbS, RsbUVW, and

RsbUW. The latter two also interact with RsbV (the

RsbW antagonist), which interacts with the anti-rF factor,

RsbW. Although some of these interactions are weak, they

are statistically significant (Fig. 4; Materials and methods)

and consistent with the route (Pan�e-Farr�e et al., 2005;

Hecker et al., 2007) leading to activation/deactivation of

the alternative B. subtilis sigma factor, rB. For RsbX, we

did not detect any interaction with any of the other Rsb

proteins.

Discussion

In response to stress, bacteria activate alternative sigma

factors. The RsbRST stress module plays an essential role

in the rB-dependent general stress response in B. subtilis

(Pan�e-Farr�e et al., 2005; Hecker et al., 2007; de Been

et al., 2011). The corresponding sigma factor in Mycobacte-

rium spp. is rF, which also is a homolog to the sporulation-

specific sigma factor rF in B. subtilis (DeMaio et al.,

1997; Sachdeva et al., 2010). The RsbRST module is present

in a number of bacteria including MAP (see introduction)

and M. marinum (Pan�e-Farr�e et al., 2005; this report),

while this module has not been identified in M. tubercu-

losis and M. smegmatis MC2 155 (Singh & Singh, 2008;

H€umpel et al., 2010; Table 1). In B. subtilis, the RsbRST

is involved in controlling the activation of rB via the

phosphatase RsbU, the anti-anti-sigma factor RsbV, and

the anti-sigma factor RsbW (Pan�e-Farr�e et al., 2005; Hec-

ker et al., 2007; de Been et al., 2011). The activity of rF

in Mycobacterium spp. is controlled in a similar way by

UsfX, which corresponds to the B. subtilis anti-sigma fac-

tor RsbW (DeMaio et al., 1997), and an RsbV homolog

(Beaucher et al., 2002; Parida et al., 2005; H€umpel et al.,

2010; this report). No RsbU homolog has yet been identi-

fied in Mycobacterium spp.. However, two genes referred

to as rsbUW and rsbUVW are present in, for example,

M. marinum and MAP, while M. tuberculosis has rsbUVW

(but not rsbUW). The homologous have RsbU, RsbV, and

RsbW domains (RsbUVW) and RsbU and RsbW domains

(RsbUW; Parida et al., 2005). Therefore, RsbUVW and/or

RsbUW may have a function in Mycobacterium spp. simi-

lar to that of RsbU in B. subtilis (see also Beaucher et al.,

2002; Parida et al., 2005; H€umpel et al., 2010). In addi-

tion, proteins that interact with either RsbW or rF or

both have been identified in M. tuberculosis (Parida et al.,

2005; see also H€umpel et al., 2010) further confusing the

picture.

The genes encoding the rsb genes (except rsbU) and two

additional genes, rsbUVW and rsbUW, are present in

M. marinum and MAP. However, in M. tuberculosis, only

rsbV, rsbUVW (also referred to as the MursiF gene), and

rsbW have been identified (Table 1; see also, e.g. Parida

et al., 2005; Sachdeva et al., 2008). Available Mycobacterium

spp. genomes and data banks also reveal the presence of

homologs to the M. marinum rsb genes in other species

(Table 1). However, many Mycobacterium spp. lack several

of these genes or perhaps the homologs have not yet been

identified. For example, in M. smegmatis MC2 155, no ho-

mologs have been identified, except rsbW (and sigF). How-

ever, Sachdeva et al. (2008) report that M. smegmatis MC2

155 and others carry separate genes that encode domains

similar to those present in RsbU, RsbV, and RsbW. Like-

wise, Mycobacterium phlei (Abdallah et al., 2012; unpub-

lished data) and Mycobacterium thermoresistibile lack most

of the rsb genes. Thus, there seems to be no correlation

between the presence or the absence of rsb genes and path-

ogenicity of Mycobacterium spp.. However, 16S rRNA phy-

logeny reveals that some of the species with a complete set

of rsb genes cluster. The same is also true for those that

lack at least one of the genes, but there are apparent excep-

tions, for example, M. marinum and M. ulcerans (see Fig.

100
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Fig. 3. Detection of RsbR and RsbUW. Western blot analysis using

antibodies against RsbR and RsbUW as indicated. M. marinum cells

were collected at different OD600 (0.5, 1.2, 3.7, and 7.0) and after

1 month of growth as described in Materials and methods. Purified

His-tagged RsbR and RsbUW were used as controls. In particular,

purified His-tagged RsbR showed a slower migration compared

with native RsbR. Apart from the presence of the His-tag, the

difference in migration might also be due to difference in the state of

phosphorylation because the homologous proteins in B. subtilis are

phosphorylated (Pan�e-Farr�e et al., 2005; Hecker et al., 2007; de Been

et al., 2011). The size markers were run at the same time, as the

samples and their positions are marked with a pen.
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S2). Further studies are needed to understand the sigF

activation pathway in those species where several of the rsb

genes appear to be absent.

Our report shows that the rsb genes are present in

M. marinum and expressed both in exponential and

stationary growth phase. Moreover, on the basis of studies

in B. subtilis and the rsb gene synteny in Mycobacterium

spp., the various Rsb proteins are expected to interact. Our

experiments using the two-hybrid system indeed suggested

that these proteins interact with themselves and one

another as predicted. Taken together with the data

discussed above, we suggest that these proteins constitute

the route involved in controlling the activation/deactivation

of the alternative sigma factor rF, in response to environ-

mental changes, at least in certain Mycobacterium spp. such

as M. marinum but also in others that have the ‘complete

set’ of these genes.

SigF and its anti-sigma factor RsbW (or usfX) are well

conserved among Mycobacterium spp. (Sechi et al., 2007;

Singh & Singh, 2008). Previous studies have demonstrated

induction of sigF in response to different environmental

changes. For example, in Mycobacterium bovis BCG and

M. tuberculosis rF induction of expression is triggered in

response to various stress conditions including oxidative,

stationary, and cold stress as well as oxygen depletion and

exposure to antibiotics (DeMaio et al., 1996, 1997;
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Fig. 4. Protein–protein interactions in the bacterial two-hybrid system. (a) E. coli BTH101 cells expressing various combinations of Rsb proteins or

SigF were grown on LA-plates containing the chromogenic substrate X-Gal. Blue color indicates a positive protein–protein interaction. The top

row shows cells transformed with the vector combination pKT25 and pUT18, the middle row shows cells transformed with the vector

combination pKT25 and pUT18C, and the bottom row shows cells transformed with the vector combination pKNT25 and pUT18. The leftmost

column shows cells transformed with the combination of empty control vectors indicated. KT, KNT, 18, and 18C represents pKT25, pKNT25,

pUT18, and pUT18C, respectively. Letters before the plus sign were cloned in the pKT25 or pKNT25 vectors, and letters after the plus sign were

cloned in the pUT18 or pUT18C vectors, as specified. R, S, T, UW, UVW, V, W, and X represents RsbR, RsbS, RsbT, RsbUW, RsbUVW, RsbV,

RsbW, and RsbX, respectively, and F represents SigF. For a complete summary of all tested interactions, see Fig. S1. (b) Quantification of

b-galactosidase activity for selected positive interactions. The bars are grouped according to the two-hybrid vector combination in which the

genes were cloned. Their respective control (labeled C; cells transformed with the same combination of vectors without insert) specified below

each group; these are the same (left to right) as in (a) (top to bottom). The order relative to the plus sign is as in (a). Each bar represents the

average of at least three replicate samples with experimental errors as indicated. The b-galactosidase activity is expressed in Miller units (M. U.),

and the bacterial two-hybrid system positive control (not shown) resulted in 110 Miller units. (c) Summary of all statistically significant

interactions. Double-headed arrows indicate interactions and proteins are schematically represented by filled ovals. Letters represent Rsb proteins

as defined in (a). A question mark at RsbX indicates that no interaction with any of the other proteins could be detected with any of the

methods used, but that the question remains open (for details see the main text).
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Michele et al., 1999). By contrast, heat stress results in a

reduction of sigF expression in M. tuberculosis (Michele

et al., 1999), while no significant change was detected in

M. smegmatis after exposure to heat for 4–8 h (Singh &

Singh, 2008). Consistent with these data, we also found

that transcription of sigF is affected when M. marinum is

subjected to different stress conditions. However, the level

and direction of change seems to vary dependent on

species and type of stressor. This is also apparent when

the expression of sigF, rsbW, rsbV, and rsbUVW in

M. tuberculosis grown under different conditions is ana-

lyzed (Fig. S3). Hence, rF plays an important role in

adapting to environmental changes, even in the aquatic

living M. marinum. In addition, transcription of the rsb

genes, which encode proteins involved in regulation of

the rF activity, also changes in response to at least certain

stress conditions. It will be interesting to find if rF itself

or any other sigma factor has a role in the regulation of

the rsb genes. Moreover, recent data suggest that the

RsbRST route for activation of rB is not present in Bacillus

cereus, Bacillus anthracis or several other Firmicutes. The

activation route of rB in Streptomyces coelicolor, another

Actinobacteria, represents yet another variation of regula-

tion (de Been et al., 2011). This raises the question whether

these alternative regulatory pathways are used by some of

the Mycobacterium spp. that lack the RsbRST module.
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