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Abstract
Background: The ability of an intracellular pathogen to establish infection depends on the capacity
of the organism to survive and replicate inside the host. Mycobacterium fortuitum is a bacteria that
contains genes involved in the detoxification of the oxygen reactive species such as those produced
by the host during the infection. In this work, we investigate the effects of hydrogen peroxide on
the transcription and expression of these genes by developing a real time quantitative PCR
technique (qRT-PCR) using the ribosomal promoter region (rrnA-P1) as reference product for
quantification of the mRNA levels.

Results: M. fortuitum cultures were treated with different hydrogen peroxide concentrations (0.02
to 20 mM) during several periods of time (30 to 120 minutes). The activity of the enzymes KatGII
and SodA, and the transcription of corresponding genes were evaluated. The transcriptional
regulator furAII gene was also studied.

The ribosomal promoter region rrnA-P1 was validated as referential product under the stress
conditions checked by qRT-PCR.

Minor changes were observed under the conditions tested except when bacteria were incubated
in the presence of 20 mM hydrogen peroxide. Under those conditions, the levels of transcription
of the three genes under study increased at 30 minutes of treatment. The viability of the bacteria
was not influenced under the conditions tested.

Conclusion: In this work, we have quantified transcriptional responses to stress suggesting that,
the opportunistic pathogen M. fortuitum is more resistant and differs in behaviour in the presence
of hydrogen peroxide, when compared to the major pathogen Mycobacterium tuberculosis and the
saprophyte Mycobacterium smegmatis. Besides, we demonstrate the mycobacterial non-coding
region rrnA-P1 to be a suitable reference product in the analysis of qRT-PCR transcriptional data
of M. fortuitum.
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Background
The genus Mycobacterium includes species found in a wide
range of ecological niches. M. tuberculosis, M. leprae, and
M. avium subsp. paratuberculosis, are pathogenic species
causing clinical disease in humans or animals. Other spe-
cies as M. smegmatis and M. phlei are saprophytes. In addi-
tion, an intermediate position is occupied by species
opportunistic pathogens such as M. fortuitum, a rapidly
growing mycobacteria that is ubiquitous in soil and water.
This mycobacteria is known to cause cutaneous infection,
typically in association with trauma or clinical procedures
[1,2]. Due to its capacity to growth and to survive intrac-
ellularly, M. fortuitum has been previously used as a model
for studying the intracellular killing of mycobacteria [3,4].

Most bacteria, when exposed to toxic oxygen metabolites,
exhibit an adaptive response and express several genes
involved in detoxification of oxygen reactive species, such
as superoxide dismutases (SOD), catalases and peroxi-
dases [5,6]. This type of adaptative response has been
implicated in the intracellular survival of pathogenic
mycobacteria, promoting their maintenance in the host
[7-9].

The major pathogen, M. tuberculosis, produces an iron co-
factored SOD encoded by the gene sodA [10] and a copper
and zinc SOD encoded by the gene sodC [11] whose
involvement in protection against oxidative stress of M.
tuberculosis within macrophages is currently controversial
[12,13]. SOD encoded by sodA is a major secreted protein
[14] that inhibits host responses to M. tuberculosis [15].
The expression of genes sodA and sodC is considered con-
stitutive and inducible respectively [15,16]. Homologues
of these genes have been detected in several mycobacterial
species, including M. fortuitum [13,17].

There are two classes of catalases identified in mycobacte-
ria: the heat-labile catalase or T-catalase (coded by katG),
which has also a peroxidase-like function, and the heat-
stable catalase or M-catalase (coded by katE). The catalase
codified by katG is synthesized preferentially in response
to oxidative stress whereas the catalase codified by katE is
produced in response to nutrient depletion as occurs in
the stationary phase of growth [18]. M. fortuitum produces
both catalases however M. tuberculosis produces only T-
catalase whilst M. terrae only produces M-catalase [19].
The katG gene has been widely studied in M. tuberculosis
[20,21]. The KatG protein contributes to the ability of M.
tuberculosis to grow and survive within the infected host
tissues [22] and is involved in the resistance of M. tubercu-
losis to the first-line antimicrobial drug isoniazid [23,24].
Due to their involvement in disease pathogenesis, both
sodA and katG genes are considered virulence factors of M.
tuberculosis [25].

The oxidative stress response in bacteria is linked to the
iron metabolic pathway [26]. One of the proteins
involved in that link is the ferric uptake regulator protein
(FurA) an homologue of the Fur of E. coli, encoded by the
furA gene [27]. The furA gene is located immediately
upstream of the katG gene in M tuberculosis, an arrange-
ment that appears to be common amongst mycobacterial
genomes [28,29].

Only few studies have investigated the regulation of
expression of detoxifying genes in mycobacteria. Two pro-
moters have been detected that control katG expression in
M. tuberculosis, one is located upstream of the furA gene
and is co-transcribed with katG [30,31]. Moreover, FurA
represses katG gene expression in M. tuberculosis and M.
smegmatis [29] and autoregulates its own expression by
binding to the Fur-A box, a 23 bp AT-rich sequence
located upstream of furA gene, which is overlapping the -
35 and -10 region of the corresponding promoter [32,33].
No studies have yet been published on the regulation of
mycobacterial sod genes.

The genes sodA and katG have been previously studied by
our group in M. fortuitum [17,34]. We have shown that
protein SodA of M. fortuitum requires manganese as cofac-
tor [17]. This mycobacteria has two genes encoding for
two different enzymes with catalase-peroxidase activities,
called katGI and katGII (KatGI and KatGII). KatGII is more
related to the single M. tuberculosis KatG than KatGI [34].
Upstream of both genes we have also found copies of the
furAI and furAII genes respectively [EMBL: Y17061 and
Y17062]. The furAII-katGII spacer region spans only 33
nucleotides in the genome of M. fortuitum, thus suggesting
that the two genes might be co-transcribed.

In this work we have further analyzed the transcriptional
activity of katGII, furAII and sodA genes in M. fortuitum
under oxidative stress. Putative promoters have been iden-
tified, and real-time quantitative PCR (qRT-PCR) applied
to the transcriptional analysis of cultures, which have
been exposed to hydrogen peroxide.

qRT-PCR technology has been widely used in the analysis
of gene transcriptional activity due to its high efficiency,
level of sensitivity and specificity [35-37]. Quantitative
gene-expression assays using this technique are typically
referenced to an internal control to account for differences
in the RNA load. The conditions of the experimental
design should not influence the detection level of the
selected internal control. Thus the validation of reference
controls is recommended in any such experimentation
[38].

Two different products sigA [39-41] and rrs (16S rRNA)
[42,43], have most often been used as reference standards
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in qRT-PCR assays involving mycobacteria. However both
of these have disadvantages. sigA expression has been
found to decrease threefold during entry of bacterial
growth into the stationary phase [44]. Levels of rrs usually
do not change during most phases of bacterial growth,
however it is present in a much higher amounts than any
mRNA in the cell [M. C. Nuñez & M. J. Garcia, unpub-
lished results] probably because of its higher stability as
part of the ribosomes, compared to the stability of other
RNA molecules in the cytoplasm, which can cause prob-
lems with sensitivity.

Recently, our laboratory described [45] a putative new ref-
erence product (rrnA-P1) suitable for qRT-PCR. Here we
demonstrate the usefulness of this promoter as reference
in the qRT-PCR analysis of cultures of M. fortuitum during
oxidative stress. This methodology may be applied to
other quantitative gene-expression analysis of mycobacte-
ria and other bacterial genera in order to evaluate the
influence of any experimental treatment on the transcrip-
tional level of gene expression.

Results
Enzymatic activity upon oxidative stress of KatG and SodA 
proteins
The enzymatic activities of catalase-peroxidase and super-
oxide dismutase proteins were examined in the extracts
collected from M. fortuitum cultures (see Methods). The
results (Figure 1a) indicated a low level of activity of the
KatGI under each of the test conditions. Further analysis
of the mRNA levels for katGI (gene coding for KatGI) was
unsuccessful, probably due to the scarce expression level
of that gene under the experimental conditions applied.
The activity of KatGII remains similar from 30 to 120 min-
utes under 0.02 and 2 mM of H2O2 (Figure 1a). KatGII
showed its lowest activity relative to the control at 30 min
of treatment with 20 mM hydrogen peroxide. At this high-
est concentration, the catalase-peroxidase activity of Kat-
GII increased from cultures treated during 30 min to
cultures treated during 120 min (Figure 1a). See Addi-
tional file 1 for densitometry values.

The SodA enzymatic activity did not show detectable var-
iation with the control comparing different extracts under
all the conditions tested (Figure 1b). This result is in agree-
ment with the considered constitutive expression of the
sodA gene [15].

Identification of the transcriptional start points (tsp) of the 
genes under study
We detected two putative transcriptional start points (tsp
P1 and tsp P2) in each the three genes examined by RNA
protection assay (RPA) (Table 1a). Putative -35 and -10
boxes were identified according the consensus mycobacte-
rial promoters previously described in the literature

[46,47]. The presence of furAII-katGII co-transcripts was
tested by standard RT-PCR. Co-transcripts furAII-katGII
were detected in all the stress conditions tested (data not
shown). These results are in agreement to those described
previously in M. tuberculosis [30,33].

Validation of rrnA-P1 as reference product in qRT-PCR 
under stress conditions
The rrnA-P1 promoter-usage of M. fortuitum cultures
treated with hydrogen peroxide was analyzed by primer
extension (PE) [48,49]. The relative activities of the five
rrn promoters of M. fortuitum, corresponding to different
PE products, were determined by quantification of the
radioactive levels for each of the conditions tested (Figure
2a).

All the promoters were differentially expressed under each
of the conditions tested with the exception of the rrnA-P1
promoter whose contribution to the pre-rRNA synthesis
was less than 1%, and evenly maintained in each of the
stress conditions tested (Figure 2a). These results sug-
gested the suitability of the rrnA-P1 promoter as reference
standard in qRT-PCR analysis of M. fortuitum under oxida-
tive stress.

Protein activity of KatG and SodA using ND-PAGE gelsFigure 1
Protein activity of KatG and SodA using ND-PAGE 
gels. (a) Catalase and peroxidase activities; (b) Superoxide 
dismutase activity. M. fortuitum cultures treated with H2O2 at 
the following concentrations: Lanes 1 to 3, 0.02 mM; lanes 4 
to 6, 2 mM; lanes 7 to 9, 20 mM and lane C, control. Samples 
of each concentration were treated using increasing length of 
periods as follows: 30 min (lanes 1, 4, and 7); 60 min (lanes 2, 
5, and 8); and 120 min (lanes 3, 6, and 9). The bands corre-
sponding to KatGI and KatGII are indicted with arrows. E. 
coli extracts are incorporated in the catalase-peroxidase 
activity gel and commercial Fe- and Mn-SOD in the superox-
ide dismutases activity gel. Abbreviations: Ec: E. coli, Mn: Man-
ganese-SOD, Fe: Iron-SOD.
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Experiments were conducted to validate the usefulness of
rrnA-P1 product as a reference in qRT-PCR, when M. fortu-
itum cultures were grown under oxidative stress. Valida-
tion of the rrnA-P1 promoter as a constitutive product was
investigated using the derivation of the 2-ΔΔCt equation as
indicated in Methods: 2-ΔCt (ΔCt = Ct sample - Ct control). In
this equation the control corresponded to the untreated
culture, and the sample corresponded to each stress cul-
ture condition. The results are showed in the Figure 2b.
No significant differences were found comparing data
from all the culture conditions tested with the control (p
= 0.445). This result validates the product corresponding
to rrnA-P1 promoter as a reference in the analysis under-
taken.

Analysis of the M. fortuitum gene expression upon 
oxidative stress
The transcription of katGII and sodA in M. fortuitum during
the oxidative stress response was initially analyzed using
Northern Blot assay (Figure 3). The transcripts were
detected by hybridization with internal probes corre-
sponding to each of the genes. An internal probe of the rrs
gene was also used to test the relative amount of RNA
fixed on the filter (Figure 3). A single band was detected
per each probe at the expected sizes: 1.5 Kb, 2.2 Kb, and
620 bp for rrs, katGII, and sodA respectively (Figure 3).

The amounts of radioactive signals corresponding to kat-
GII, and sodA genes in each lane were also quantified and
normalized with the amount of radioactivity obtained
using the rrs as a probe (see Additional file 1 for the com-

plete set of the cpm values). No significant changes were
obtained in the level of mRNA corresponding to either of
the genes under stress conditions, with the exception of
mRNA of the katGII gene which increased 10 fold after 30
min of treatment at 20 mM H2O2; and the mRNA of the
sodA gene which increased two fold after 30 and 120 min
of treatment at the same H2O2 concentration (Figure 3).

In order to determine more accurately the amount of the
transcripts of M. fortuitum in response to oxidative stress,
qRT-PCR technique was applied to quantify the mRNAs.
The transcription of sodA, katGII and its putative regulator
furAII were analyzed (Figure 4). The genes under study did
not show main variations in the quantity of products in
relation to the different H2O2 concentrations applied, as
well as in relation to the duration of the treatment. Again,
the only significant change was detected at the highest
concentration tested (20 mM H2O2). At this concentra-
tion, the highest level of katGII, furAII and sodA expres-
sions corresponded to the culture treated with H2O2
during 30 min. Compared to the control culture, katGII
and furAII mRNA levels product increased in this point
more than twenty and fifteen fold respectively. The prod-
ucts corresponding to sodA suffered a three-fold increase
in this same point of analysis (Figure 4).

Under other H2O2 concentrations tested (0.02 mM, 0.2
mM and 2 mM) the mRNA levels of katGII, furAII and
sodA either increased to a lesser extent or remain
unchanged with the duration of the treatment (Figure 4).

Table 1: Promoter regions of the sodA, katGII and furAII genes of M. fortuitum

(a)

Gene P -35 box spacing -10 box spacing tsp (+1) spacing start codon

sodA P1 TTGTTC 19 TATACG 4 G 95 GTG
P2 TTGCGG 18 AGTGTT 6 G 44 GTG

katGII P1 TGCCTG 17 CGGCTT 13 G 90 ATG
P2 CACGGC 16 CCGAGG 7 T 76 ATG

furAII P1 TCGTCT 20 CGGAAT 12 T 40 GTG
P2 TTCTCG 12 TATTCT 5 A 28 GTG

(b)

Mycobacterium species AT-rich region spacing start codon

M. tuberculosis AGT CTT GAC TAA TTC CAG AAA AG 9 TTG
M. smegmatis ATT CTT GAC TAA TTC CAG AAA AG 16 GTG
M. fortuitum (furAII) ATTCTT GAC TAA TTC CAG AAA AC 16 GTG

(a) Location of the promoters of the sodA, katGII and furAII genes of M. fortuitum. Abbreviations: P: promoter; -10 box and -35 box: putative -10 
and -35 boxes; tsp (+1): transcription start point.
(b) Alignment of the AT-rich sequences upstream of the furA genes in mycobacteria. The -35 boxes of M. tuberculosis and M. smegmatis [33] and the 
-10 box of M. fortuitum are underlined. The tsp+1 nucleotide of the P2 promoter of the furAII gene of M. fortuitum is bolded.
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rrn promoter-usage under hydrogen-peroxide treatmentFigure 2
rrn promoter-usage under hydrogen-peroxide treatment. (a) Percentage of usage corresponding to representative 
experiment of the M. fortuitum rrn promoters. rrnA-P1 to PCL1 and rrnB-P1 indicate the five promoter of rrn operons in M. for-
tuitum [48]. (b) Validation of the rrnA-P1 promoter as qRT-PCR reference product; by definition, the value of the control is one 
(see Methods), the statistical significance of data was determined by applying one-way analysis of variance. M. fortuitum cultures 
treated with H2O2 at the following concentrations: lanes 1 to 3, 0.02 mM; lanes 4 to 6, 0.2 mM; lanes 7 to 9, 2 mM; lanes 10 to 
12, 20 mM and lane C, control. Samples of each concentration were treated using increasing length of periods as follows: 30 
min (lanes 1, 4, 7 and 10); 60 min (lanes 2, 5, 8 and 11); and 120 min (lanes 3, 6, 9 and 12). Abbreviations: Ct: Cycle threshold.
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Viability of M. fortuitum under different H2O2 stress 
treatment
To analyse the influence of the stress on the viability of the
M. fortuitum, we determined the colony forming units
(CFUs) of each of the cultures (Figure 5). No main differ-
ences were found when controls and test cultures were
compared, indicating that changes detected at the mRNA
and proteins levels were not related to changes in the bac-
terial viability.

Discussion
Mycobacteria are ubiquitous bacteria and are therefore
exposed to a wide range of environmental conditions,
including animals and humans. One of these conditions
is the host stress response which includes induction of
reactive oxygen intermediates (ROI) against which myco-
bacteria synthesize enzymes such as superoxide dis-
mutases, catalases and peroxidases. This work studies
these enzymatic responses in the opportunistic pathogen
M. fortuitum growing in the presence of hydrogen perox-
ide measured using real-time PCR to quantify mRNA spe-
cific products corresponding to genes sodA, katGII and
furAII involved in the oxidative stress response.

The development of a reliable qRT-PCR method requires
corrections for experimental sample variations, such as
reverse transcription efficiency. Those variations are best
controlled by the inclusion of an internal reference stand-

ard. Ideally this reference standard should have a constant
expression under each of the experimental conditions
[50]. Moreover, validation of the internal control is rec-
ommended when designing quantitative gene expression
studies [50].

We have previously reported that the first promoter of the
rrnA operon (rrnA-P1) gave better results in M. fortuitum
[45] than sigA and 16S rRNA, the standards more fre-
quently used in M. tuberculosis [40,43]. This study has
tested this product for suitability as reference standard in
the study of the oxidative stress response of M. fortuitum.

The primer extension results showed that the product of
the rrnA-P1 promoter was synthesized at a low and con-
stant level when M. fortuitum cultures were placed under
oxidative stress (Figure 2a). Experiments conducted to val-
idate rrnA-P1 as reference standard in qRT-PCR (Figure
2b) found no statistically significant changes (p = 0.445),
in expression levels during several of the experimental
conditions. It was concluded therefore that rrnA-P1 is a
suitable reference standard for qRT-PCR studies of M. for-
tuitum growing under oxidative stress.

In contrast to the single promoter previously detected
upstream of furA and katG genes of M. tuberculosis [30,31],
two promoters were identified in the M. fortuitum genome
upstream of furAII, katGII and sodA (Table 1a). furAII and

Northern blot analysis of the sodA, katGII and rrs under hydrogen-peroxide treatmentFigure 3
Northern blot analysis of the sodA, katGII and rrs under hydrogen-peroxide treatment. Total RNA from M. fortui-
tum cultures treated with H2O2: lanes 1 to 3, 0.02 mM; lanes 4 to 6, 0.2 mM; lanes 7 to 9, 2 mM; lanes 10 to 12, 20 mM and 
lane C, control. Samples of each concentration were treated using increasing length of periods as follows: 30 min (lanes 1, 4, 7 
and 10); 60 min (lanes 2, 5, 8, and 11); 120 min (lanes 3, 6, 9 and 12). The same filter was stripped out and re-hybridized 
sequentially with the several radiolabelled probes: rrs, katGII and sodA. The sizes of the corresponding mRNAs are indicated.
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qRT-PCR analysis of katGII, furAII and sodA under hydrogen-peroxide treatmentFigure 4
qRT-PCR analysis of katGII, furAII and sodA under hydrogen-peroxide treatment. (a) katGII gene expression; (b) 
furAII gene expression; (c) sodA gene expression. The 2-ΔΔCt method was applied to calculate the relative amount of the cDNAs 
of interest, comparing treated and untreated cultures (see Methods). M. fortuitum cultures were treated with hydrogen-perox-
ide at the following concentrations: lanes 1 to 3, 0.02 mM; lanes 4 to 6, 0.2 mM; lanes 7 to 9, 2 mM; lanes 10 to 12, 20 mM and 
lane C, control. Samples of each concentration were treated using increasing length of periods as follows: 30 min (lanes 1, 4, 7 
and 10); 60 min (lanes 2, 5, 8 and 11); and 120 min (lanes 3, 6, 9 and 12).
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katGII genes were co-transcribed in M. fortuitum in a sim-
ilar manner to M. tuberculosis [30,33], showing the previ-
ously described conserved organization of those genes
among mycobacteria [29]. Recently, it has been demon-
strated in M. smegmatis that the single transcript contain-
ing furA and katG is processed to originate two different
transcripts, one covering furA and the second covering
katG [51], that result explain why furA-katG co-transcripts
were not detected in this species previously [32]. Never-
theless the occurrence of a similar phenomenon in M. for-
tuitum cannot be excluded, differently to M. smegmatis,
furAII-katGII co-transcripts were detected in M. fortuitum
supporting that a different transcriptional organization
could occurs in this last mycobacteria.

Several genomes of mycobacterial species have been
sequenced or are in progress [52], including that of the
rapidly growing mycobacteria M. smegmatis (strain
mc2155). This strain is used frequently in the study of
mycobacteria, because of its rapid growth, and low
biosafety requirements. A search of the M. smegmatis
genomeidentified three putative katG genes. Two of these
are associated with a corresponding furA gene immedi-
ately upstream, including a Fur-A box in one of them. Also
of note is that the third katG gene has a long deletion in
its 5' end (190 nucleotides), which could explain the lack
of the sequence corresponding to a paired furA gene
upstream.

Studies in M. tuberculosis have clearly established that Fur-
A is a negative regulator of the katG expression in myco-

bacteria [29,33]; this regulation is mediated by the FurA-
box identified upstream of the furA gene in the region cor-
responding to the -35 promoter sequence, also known as
the AT-rich sequence. The linkage of FurA to the FurA-box
is inhibited in the presence of hydrogen peroxide thus
allowing the transcription of the downstream genes. Sala
et al. [33] have analyzed the FurA box of M. smegmatis,
which presumably included the single furA-katG copy
associated with this regulatory sequence. In this work we
identify that AT-rich sequence 16 nucleotides upstream
the furAII start codon of M. fortuitum (Table 1b). This
sequence includes the -10 box corresponding to the P2
promoter identified (Table 1). Similarly to M. smegmatis,
only one of the two furA-katG tandem genes of M. fortui-
tum has a sequence equivalent to the FurA box upstream.

By using qRT-PCR, we observed that the influence of
hydrogen peroxide in the level of expression of katGII and
furAII of M. fortuitum differs from other mycobacteria
[29,31,33,53] by not showing variation in the protein and
mRNA levels of these genes when M. fortuitum was treated
with up to 2 mM hydrogen peroxide (Figures 1, 3 and 4).
These results could indicate that M. fortuitum appears to
be more resistant to the hydrogen peroxide stress than
other mycobacterial species.

We did find significant changes however in the stress
response in cultures of M. fortuitum when treated with 20
mM H2O2. Under such conditions, the mRNA levels of the
two genes (katGII and furAII) increased significantly, and
the level of sodA mRNA rose to its higher level after 30
minutes of treatment (Figure 4). Considering also that
only a low level of mRNA could be detected when cultures
were treated with 20 mM of H2O2 during 60 and 120 min-
utes (Figure 4), we hypothesized that 20 mM H2O2 may
be deleterious for the bacteria, however M. fortuitum cul-
tures studied under stress found no decrease in CFU under
each of the conditions tested (Figure 5). We conclude
therefore that the changes detected in genes related to the
stress response (Figure 4) are not associated to changes in
the viability of the bacteria, however they could indicate a
compensatory reaction, at the transcriptional level, to the
decrease detected at the protein level (Figure 1) indicating
some adaptative response of the transcriptional machin-
ery to that extremely adverse environmental conditions.
Further studies are required to determine if the response
to 20 mM H2O2 might indicate a global alteration in the
transcriptional activity or possibly post-transcriptional
regulation of M. fortuitum.

Conclusion
Our results indicate that mycobacteria differ in their
response against oxidative stress. The opportunistic path-
ogen M. fortuitum is more resistant to hydrogen peroxide
than the main pathogen M. tuberculosis and the sapro-

Viability of the M. fortuitum cultures treated with H2O2Figure 5
Viability of the M. fortuitum cultures treated with 
H2O2. The colony forming units (CFUs) were determined 
for the untreated control and for each culture treated with 
0.02, 0.2, 2 and 20 mM of H2O2 after 30, 60 and 120 minutes. 
One control was used for each H2O2 concentration (showed 
as black columns in the figure). The error bars corresponding 
to data from three different cultures are showed.
Page 8 of 13
(page number not for citation purposes)



BMC Microbiology 2008, 8:100 http://www.biomedcentral.com/1471-2180/8/100
phyte M. smegmatis. Even though changes in the mRNA
and proteins related to oxidative stress were detected, the
M. fortuitum viability was not affected at a H2O2 treatment
as strong as 20 mM during 120 minutes.

This work also demonstrated the suitability of the non-
coding region (pre-rrnA-P1) as reference standard in the
quantification of the transcriptional activity of genes asso-
ciated to oxidative stress in M. fortuitum. The reference
product applied (pre-rrnA-P1) is related to the ribosomal
RNA, a bacterial component frequently used as reference
in the analysis of the bacterial transcriptional activity.

Methods
Bacterial strain and growth conditions
M. fortuitum ATCC 6841T was maintained on Lowenstein
Jensen at 4°C for short-term storage and 40% glycerol at -
70°C for long-term storage.

Three different cultures of M. fortuitum were grown at
37°C until exponential phase (OD = 0.6–0.8 U) in 100 ml
of Sauton broth [54]. Hydrogen peroxide (H2O2) was
then added to obtain 0.02 to 20 mM final concentrations.
Cells were further incubated at 37°C with shaking for 1/2
h, 1 h and 2 h, per each H2O2 concentration. Total RNA
and proteins were purified from the cultures (75 ml and
25 ml respectively) following to the treatment with hydro-
gen peroxide. Untreated cultures were also tested as refer-
ence.

Viability of bacteria recovered from the cultures was
checked, by determining the colony forming units (CFUs)
on Middlebrook 7H10 petri dishes. To reduce possible
variation introduced by individual inocula over the sev-
eral sets of cultures, a separate untreated control culture
was included for each H2O2 concentration tested.

Protein isolation and analysis of the protein activity
The protein extracts were prepared by vigorous mixing of
bacterial cells in the presence of 0.15–0.212 mm of diam-
eter glass beads (SIGMA) during three sequential pulses of
45 s at 4 m/s in a Fast-Prep (Savant-Instruments). Bacterial
extracts were centrifuged and the supernatants were recov-
ered and stored at -70°C. The analysis of the extracts was
made by Polyacrilamide Gel Electrophoresis (PAGE).
Activity gels were performed in non-denaturing polyacry-
lamide gel electrophoresis (ND-PAGE) [55], 10% and
15% [wt/vol] ND-PAGE were applied for catalase and per-
oxidase and superoxide dismutase analysis respectively.
Catalase and peroxidase activities of the mycobacterial
extracts were examined by the double-staining method as
described previously [56]. Superoxide dismutase activity
was examined as described previously [57,58]. Densitom-
etry of the activity bands was determined directly on the
gels using ID-Manager (TDI) for comparative purposes.

RNA isolation
Mycobacterial cultures were collected, and total RNA iso-
lated as described previously [59]. Quality of the RNA iso-
lation was checked by gel electrophoresis followed by
quantification in spectrophotometer [55].

Analysis of precursors rRNA (pre-rrn) by primer extension
The ribosomal promoter usage of M. fortuitum in Sauton
cultures, treated and untreated with H2O2, was deter-
mined using the primer extension (PE) procedure. The
primer JY15 (Table 2) was end labelled with [γ-32P]ATP
by T4 polynucleotide kinase, and primer extension was
carried out with Avian Myeloblastosis Virus (AMV) reverse
transcriptase (Promega) as described previously [59]. PE
experiments were performed with 25 μg of total RNA per
sample. Transcriptional products, corresponding to each

Table 2: Oligonucleotides used in this study

DNA target Forward Primer [Sequence 5'→3'] Reverse primer [Sequence 5'→3'] Annealing T (°C) Size amplicon (bp)

Northen Blot (probes)
rrs kk4 [TTGGAGAGTTTGATCCTGGCTCAG] Rac6 [GTGGACTACCAGGGTATCTAATCCT] 58 791
sodA Sod3.1 [ACATCTCGGGTCAGATCAACGAG C] Sod4 [GACGTTCTTGTACTGCAGGTAG] 58 465
katGII Cat39 [AAACCCATCCTACTATCG] Cat40 [GGTTCACGTAGATCAGG] 50 696
qRT-PCR
rrnA-P1 FoP1 [CTGCTCGTCAGCCTCGAAATCG] P1R-LC [ACTTCAAAAGATTAGCGCGG] 55 75
sodA Sod12 [CCTTCCAGCTCTACGACCAG] Sod13 [CCTTCCAGCTCTACGACCAG] 55 114
katGII katLC1 [GTGGTCCGATCTCATCGTCT] katLC2 [CAGTAGATGTCCTCCTCGGG] 55 117
furAII furA-Fw [ACGGCGGACTTCCAGCAG] furA-Rev [ACGGATGATCGTTTCGGTG] 62 120
RPA
sodA Sod F8 [ACCTGCACACCCGCAACC] Sod 3T [PT7-GCTCGTTGATCTGCCCCGA] 60 324
katGII Cat35 [GACAACCACCACCACGT] P1.1 T [PT7-TCTCGGCGGGTTCAGTCT] 50 292
furAII FUR-II-10 [TCGTCTAGCGCCCTCACC] FUR-II-1T [PT7-ACTCGGGGTCGGGTCACA] 60 177
Other primers
furAII-katGII furAII-Fo [GACCTACCCGAGGTCTCTCA] P1.1 [TCTCGGCGGGTTCAGTCT] 54 388
pre-rrnA FoPCL1 [CAAAACAGGGCGGCAAAGC] cKK4 [GAGCCAGGATCAAACTCTCC] 58 225
16S-rrnA JY15 [CACACTATTGAGTTCTC] - -

Oligonucleotides used for Norther Blot, RNAse protection assay, real-time qRT-PCR and conventional PCR.
Abbreviations: PT7: RNA polymerase promoter sequence for the phage T7 (AATTCTAATACGACTCACTATAGGG).
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rrn promoter, were quantified in the gels by using an
Instant Imager system (Packard-Izasa).

Identification of transcription starts points using RNAse 
Protection Assay
RNase protection assay (RPA) was carried out as described
previously [60]. The RPA method requires previous prep-
aration of a radiolabeled RNA probe complementary to
the RNA transcript by transcription of a minigene corre-
sponding to the region under analysis [61]. Minigenes
were synthesized by PCR amplification of the M. fortuitum
corresponding genomic regions by using oligonucleotides
described in Table 2.

Radiolabelled transcription products were obtained by
using the Riboprobe kit (Promega) as specified by the
manufacturer; this yielded probes of 324, 292 and 177
nucleotides for sodA, katGII and furAII genes respectively.
The products were purified on a polyacrylamide gel elec-
trophoresis (6% [wt/vol] polyacrylamide) sequencing gel.
The appropriate bands were excised and eluted as
described previously [60].

Hybridization was carried out in PES buffer [60], with
radiolabeled samples (2.5 × 105 cpm) and 20 μg of DNA-
free RNA; the reaction products were digested with differ-
ent amounts of an RNase cocktail (Ambion). Stock RNase
cocktail comprises both RNase T1 (20 U/ul) and RNase A
(1 μg/μl), and an optimum concentration (up to a 10-fold
dilution) was established for use in the RNA protection
assays.

Products of both primer extension and RNase protection
assays were analyzed by electrophoresis through 6% (wt/
vol) polyacrylamide-8 M urea sequencing gels. Radioac-
tive products were located by autoradiography either at
20°C or at -70°C using an intensifying screen. The gels
were calibrated with the products of appropriate DNA-
sequencing reactions. DNA sequences were determined by
the dideoxy chain termination procedure with [α-
35S]dATP [55]. The putative promoter regions (-10 and -
35 boxes) were determined (Table 1).

Analysis of furAII-katGII region
The cDNA from M. fortuitum under the different stresses
was analysed by PCR using the primers furAII-Fo and P1.1
(Table 2) to test the presence of furAII and katGII cotran-
scripts. PCR cycling was performed as follows: a denatur-
izing step at 95°C for 5 minutes; 36 cycles of 95°C for 45
seconds, 54°C for 45 seconds and 72°C for 1 minute; and
a final extension at 72°C for 10 minutes.

Analysis of mRNA by Northern blot
Northern blot analysis was performed by fractionation of
20 to 30 μg of total RNA samples on a 1.5% agarose gel

containing 6.6% formaldehyde. RNA ladder (0.24 to 9.5
kb; Gibco BRL) was used as the molecular size standard.
The gels were transferred to a nylon membrane (Hybond-
N; Amersham) by capillary blotting in 20× SSC (1× SSC is
0.15 M NaCl plus 0.015 M sodium citrate), and further
cross-linked by UV irradiation [55].

The membranes were hybridized with three probes: kat-
GII, sodA and the 16S rRNA (rrs) genes sequentially. The
probes were prepared by standard PCR. Amplifications
were performed on M. fortuitum chromosomal DNA (100
ng) in a final volume of 50 μl containing 1 μM of each
primer and 1 U of Taq polymerase (Amplitaq Gold,
Roche). All amplifications were carried out as follows: 36
cycles of 1 min at 95°C; 45 s at the annealing temperature
(Table 2); and 1 min at 72°C, with subsequent 10 min
final extension at 72°C. The primers used amplify the
coding regions of the corresponding gene. Primers charac-
teristics, annealing temperatures, and sizes of each ampli-
con are indicated in the Table 2. Hibridizations were
made with 90 ng of each PCR product labeled with 32P α-
dCTP using Megaprime DNA labeling system (Amer-
sham) at 65°C overnight. Standard procedures were used
for both hybridization and washes [55]. Filters were
spread out and rehybridized with the three probes
sequentially. The radioactivity hybridized for each gene
was quantified on the filter using an Instant Imager sys-
tem (Packard-Izasa) and also detected by exposition of the
membranes to X-ray films. Data derived from hybridiza-
tion with the rrs gene were used as standard to normalize
the amounts of RNA fixed on the filter.

Analysis of mRNA by qRT-PCR
One hundred ng of the mycobacterial RNA isolated was
reverse transcribed by using 30 U AMV reverse tran-
scriptase and random primer hexamers (Promega). The
absence of DNA following DNase treatment was checked
by performing conventional PCR using FoPCL1 and cKK4
(Table 2). Conventional PCR cycling was performed as
follows: a denaturizing step at 95°C for 5 minutes; 36
cycles of 95°C for 1 minute, 58°C for 45 seconds and
72°C for 2 minutes; and a final extension at 72°C for 10
minutes. The RNA product was considered suitable for
reverse transcription when the control-DNA PCR was neg-
ative.

The qRT-PCR method was used to determine the level of
each transcriptional-product derived from M. fortuitum
under the different stresses tested. The qRT-PCR was per-
formed with cDNAs prepared from 2 separate cultures per
treatment. A total of 16 data were obtained per point
derived from two cDNA separate preparations from each
culture. Each of the four cDNA samples obtained was
amplified twice in duplicated experiments.
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Real-time PCR was carried out using a capillary PCR
instrument (Light Cycler; Roche). The amplification of the
target sequence was detected using SYBR green Condi-
tions were used as follows: LightCycler Fast Start DNA
master SYBR Green I reagent (1 μl) was supplemented
with 3.5 mM (final concentration) MgCl2 and 0.5 μM of
each primer in 7 μl of volume. Sample cDNA (3 μl) was
added to the mix. The PCR cycling programme was as fol-
lows: denaturizing, 1 cycle of 95°C for 10 min with a tran-
sition rate of 20°C/s; amplification, 45 cycles at 95°C for
0 s, the corresponding annealing temperature for each
product (Table 2) for 5 s and an extension at 72°C for 10
s with a single fluorescence acquisition, in all the cases the
transition rate was 20°C/s. Specificity of the reaction was
checked by analysis of the melting curve of the final
amplified product. The oligonucleotides used in qRT-PCR
are indicated in the Table 2. In all cases, the negative con-
trol was undetectable, because the PCR experiments were
stopped before its fluorescence increased.

qRT-PCR data analysis
The qRT-PCR data were plotted as the fluorescence signal
versus the cycle number. An arbitrary threshold was set at
the midpoint of the log of fluorescent level versus cycle
number plot. The Ct value is defined as the cycle number
at which the fluorescent level crosses this threshold. In the
present study, the fold change in the cDNA amounts was
calculated from the formula 2-ΔΔCt (Applied Biosystem
User Bulletin). Using the 2-ΔΔCt method, the data are pre-
sented as the fold change in gene expression normalized
to an endogenous reference gene and relative to the
untreated control. This calculation transforms the loga-
rithmic Ct data to a linear value. Error of the data was cal-
culated by converting the data from logarithmic to linear
using the expression 2-Ct. Raw Ct values falsely represents
the error and should be avoided [50]. For the untreated
control sample, ΔΔCt equals zero, therefore by definition,
the fold change in gene expression relative to the
untreated control is one. For the treated samples, 2-ΔΔCt

indicates the fold change in gene expression relative to the
control [38]. The fold change in cDNA (per each target
gene) relative to the rrnA-P1 control [45] was determined
as follows: fold change = 2-ΔΔCt; where ΔΔCt = (CtTarget -
CtrrnA-P1)Sample - (CtTarget - CtrrnA-P1)Control. The sample corre-
sponds to each H2O2 treated cultures, and controls are the
untreated cultures in the formula. According to Winer
[62] the relative quantification of gene expression by
using the 2-ΔΔCt method correlates with the absolute gene
quantification obtained using standard curves. The statis-
tical significance of data was determined by applying one-
way analysis of variance.
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