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Abstract Tuberculosis is a common and often deadly
infectious disease caused by mycobacteria, mainly Myco-
bacterium tuberculosis and infrequently by other subspe-
cies of the M. tuberculosis complex, such as M. bovis.
Sodium hypochlorite (bleach) is routinely used in hospitals
and health care facilities for surface sterilization; however,
the modes of action of bleach on M. bovis BCG and how
this organism develops resistance to sodium hypochlorite
have not been elucidated. In this study, we performed a
global toxicogenomic analysis of the M. bovis response to
2.5 mM sodium hypochlorite after 10 and 20 min. M. bovis
BCG growth was monitored by measuring the quantity of
ATP in picomoles produced over a short exposure time
(10–60 min) to sodium hypochlorite. This study revealed
significant regulation of oxidative stress response genes of
M. bovis BCG, such as oxidoreductase, peroxidase, heat
shock proteins and lipid transport, and metabolism genes.
We interpreted this response as a potentially more lethal

interplay between fatty acid metabolism, sulfur metabolism,
and oxidative stress. Our results also suggest that sodium
hypochlorite repressed transcription of genes involved in
cell wall synthesis of M. bovis. This study shows that the
treatment of M. bovis BCG with bleach inhibits the
biosynthesis of outer cell wall mycolic acids and also
induces oxidative damage.
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Introduction

Tuberculosis (TB) is a common and often deadly infectious
disease caused by mycobacteria, mainly Mycobacterium
tuberculosis and infrequently by other subspecies of the M.
tuberculosis complex, such as M. bovis. The 2004 World
Health Organization mortality and morbidity statistics show
that 14.6 million chronic active TB cases, 8.9 million new
cases, and 1.6 million deaths occurred that year, the
majority of which happened in developing countries.
According to a report from the Centers for Disease Control
and Prevention, from 1993 to 2006, the number of TB cases
in the USA decreased by 45%, from 25,107 to 13,779. This
decline occurred unequally in the USA: among the US-born
population, the numbers of cases fell by 66% while the
number of cases among foreign-born people in the USA
increased by 5% (Cain et al. 2008). Recently, the Bill and
Melinda Gates foundation contributed to support the fight
against global health threats from infectious diseases such
as AIDS, malaria, and TB. Bill Gates has also appealed to
the world’s industrialized nations to show an increased
commitment to the fight against the global threat of
infectious diseases (Pasterkamp 2001).
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TB remains a major potential threat to public health,
although many antituberculosis drugs have been developed
over the past 30 years. Many countries use the M. bovis
Bacillus Calmette-Guérin (BCG) vaccine as part of their TB
control programs especially for infants. BCG vaccines are
live attenuated strains of M. bovis.

Although drugs that target actively growing M. tubercu-
losis are available, their efficacy is compromised by the
lengthy treatment times (Pym and Cole 1999) and the
increasing problem of multidrug resistance (Espinal 2003).
An additional problem is the ability of M. tuberculosis to
enter a nonreplicating, latent state after engulfment by
activated macrophages in the lung (Gomez and McKinney
2004). It is estimated that one third of the world’s
population harbors a latent infection of this kind and is at
risk of reactivation of disease (Cahn et al. 2003).

The majority of the disinfectants that have been
approved to be registered by the US Environmental
Protection Agency (EPA) exploit chlorination for their
antimicrobial action (Chang et al. 2007; Small et al.
2007a, b). Sodium hypochlorite (bleach) is routinely used
in hospitals and health care facilities for surface steriliza-
tion; however, the mechanism of action by which this
disinfectant kills and the extent to which M. bovis is
resistant to sodium hypochlorite have not been elucidated.

In addition to confirming upregulation of oxidative stress
response genes, this study revealed significant and coinci-
dent regulation of oxidative response genes of M. bovis
BCG, such as oxidoreductase, ahpCD, katG, hsp, and lipid
transport and metabolism genes. We interpreted this
response as a potentially more lethal interplay between
fatty acid metabolism, sulfur metabolism, and oxidative
stress.

Materials and methods

Bacterial strains and growth conditions

M. bovis BCG was obtained from the American Type
Culture Collection (ATCC 35748). Middlebrook 7H9 Broth
dehydrated base (which may be supplemented with either
glycerol or polysorbate 80) in combination with Middle-
brook ADC Enrichment and Middlebrook 7H9 Broth
prepared tubes (containing ADC Enrichment) when supple-
mented with glycerol (2 ml/l) support the growth of
mycobacteria including M. tuberculosis (http://www.bd.
com/ds/technicalCenter/inserts/difcoBblManual.asp). Two
hundred milliliters of growth medium in a 1-L Erlenmeyer
flask was prepared as follows: 40 ml 5 M Middlebrook 7H9
broth (Difco, Sparks, MO, USA) supplemented with 20 ml
OADC (oleic acid, albumin, dextrose, catalase; BBL Co.,
Franklin Lakes, NJ) and 140 ml distilled water (Dosanjh et

al. 2005;Graham and Clark-Curtiss 1999). Two hundred
microliters of Tween 80 (Sigma-Aldrich Co., St. Louis,
MO) was added to the growth medium to prevent clumping
of the bacteria. The M. bovis BCG stock culture (ATCC
35748) was inoculated into the Middlebrook 7H9 broth and
incubated at 37°C with shaking at 200 rpm to reach an
OD600nm of 0.3–0.4 after 5 days. One-milliliter aliquots of
this prepared stock culture were maintained in 10% (v/v)
glycerol at −80°C for subsequent use.

One aliquot of the prepared of M. bovis BCG stock
culture was inoculated into the M7H9 growth medium and
incubated at 37°C with shaking at 200 rpm to reach an
OD600nm of 0.3–0.4 after 5 days. Cells were harvested and
resuspended in 200 ml of Luria-Bertani (LB) medium
(Chang et al. 2007; Jang et al. 2008; Small et al. 2007b)
containing 0.1% Tween 80 and incubated for 24 h at 37°C.
In the meantime, 10 ml of cells was transferred into 200 ml
of new M7H9 medium for continuous culture.

Disinfectant treatment and ATP measurements

We used the BactTiter-Glo™ assay (Promega Co.) to rapidly
assess cell viability ofM. bovis BCG. This assay is based on
quantifying the adenosine triphosphate (ATP) present in
bacterial cultures to determine the number of live cells. In
principle, the assay generates a glow-type luminescent
signal produced by the luciferase reaction. In this study,
luminescent signals generated by the bacterial culture were
detected and quantified by a luminometer (Glomax Prom-
ega Co.). This assay was easy to perform, highly sensitive,
and is a rapid and convenient technique for monitoring the
growth of mycobacterium. The time needed to obtain a
disinfectant susceptibility pattern was reduced to less than
1 week as compared with 4 weeks with conventional
methods. The BacTiter-Glo buffer (Promega Co., San Luis
Obispo, CA) and lyophilized substrate were thawed and
equilibrated to room temperature and dispensed into
designated control wells. Sterile phosphate-buffered saline
(PBS) containing untreated cells was added to control
wells, and luminescence was measured using the Glomax™
luminometer (Promega Co., San Luis Obispo, CA).

One milliliter of the prepared M. bovis stock culture was
added to the M7H9 medium and incubated at 37°C with
shaking at 200 rpm to reach an OD600 of 0.3–0.4 after
5 days. Due to the slow growing nature of M. bovis BCG,
changes in the amounts of ATP produced by peracetic acid-
treated cells were utilized to monitor the changes in the
number of viable cells. However, catalase present in OADC
interferes with ATP measurements. As such, cells grown in
M7H9 were harvested and resuspended in 200 ml of LB
broth containing 0.1% Tween 80 and incubated for 24 h at
37°C to reach an OD600 of 0.3–0.6. By using LB broth, the
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amount of ATP produced by cells (control) and cells
exposed to sodium hypochlorite could be reliably quanti-
fied and used to monitor the changes in the growth of
sodium hypochlorite-treated M. bovis BCG over a short
period of time (10-min intervals for 1 h). The amount of
ATP produced by cells exposed to sodium hypochlorite was
measured using the BacTiter Glo™ microbial cell viability
assay and the Glomax™ luminometer (Promega Co., San
Luis Obispo, CA). The BacTiter Glo™ assay measures the
amount of luminescence generated by the cells being tested
in relative light units (RLU). In order to correlate the
amount of luminescence with the quantity of ATP produced
in picomoles (pmol), serial dilutions of 100 pmol ATP
(Promega Co., San Luis Obispo, CA) were performed and
the corresponding RLU were determined using the BacTiter
Glo™ microbial cell viability assay. From these two sets of
ATP concentrations, a standard curve relating the amount of
luminescence (RLU) and the corresponding amount of ATP
in picomoles was obtained (Supplementary Fig. 1).

All steps were performed at room temperature. The
BacTiter-Glo buffer (Promega Co., San Luis Obispo, CA)
and lyophilized substrate were thawed and equilibrated at
room temperature for 30 min before use. The buffer and
substrate were mixed to obtain a homogenous solution. A
100-μL aliquot of buffer–substrate solution was added to
designated control wells of a 96-well plate. To obtain a value
for background luminescence before disinfectant treatments,
1 ml of reaction mixture in the 50-ml reaction tube in which
sodium hypochlorite was replaced by water (in LB broth as
described previously) was spun down. The pellet was
resuspended in 1 ml 1x PBS (Invitrogen, Carlsbad, CA) and
centrifuged. The pellet was resuspended in 200 μl PBS. A
100-μl aliquot of the resuspended pellet of untreated cells was
added to control wells containing the buffer–substrate
mixture, and the luminescence was measured. LB growth
cultures (40 ml) were dispensed into designated 50-ml tubes,
and 11 M sodium hypochlorite stock was added to the
cultures to reach several final concentrations: 0, 2.5, 2.75, and
3.0mM. At 10-min intervals for up to 1 h, ATPmeasurements
were performed for the different sodium hypochlorite
concentrations as described for the untreated cells.

RNA isolation

Total RNA was isolated from M. bovis not treated with
sodium hypochlorite (control) and from M. bovis treated
with 2.5 mM sodium hypochlorite for 10 and 20 min using
the RiboPure bacteria kit (Ambion, Inc., Austin, TX; Jang et
al. 2008). The mycobacterial cells treated with sodium
hypochlorite and untreated cells were harvested and resus-
pended in PBS buffer. The Mini-bead beater-16 (Bio Spec
Products Inc., Bartlesville, OK) was used for breaking down
the Mycobacterium cells for RNA extraction. Beating was

performed for 1 min (five times) with intermittent storage on
ice for 2 min after each beating period. The quantity of
eluted RNA was determined using the NanoDrop spectro-
photometer (NanoDrop Technologies, Inc., Wilmington,
DE). The RNA 6000 Nano LabChip with an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA) was used
to check the quality and purity of extracted RNA.

cDNA synthesis, labeling, hybridization, staining,
and scanning

cDNA synthesis, cDNA fragmentation, labeling, hybridiza-
tion, staining, and washing steps were performed according
to the manufacturer’s protocol for the Affymetrix M. bovis
BCG custom GeneChip arrays (Affymetrix, Inc., Santa
Clara, CA) as described in our previous papers (Chang et
al. 2005, 2006a, b; Jang et al. 2008).

Affymetrix M. bovis BCG custom genechip analysis

The custom array was constructed by Affymetrix using the
sequence of Mycobacterium bovis BCG strain Pasteur
1173P2: No. of probe pair sets, 3,977 (cds); 1389 (ig).
Sixteen probes per gene (desired number) with a minimum
of eight probes per gene were used for GeneChip construc-
tion. The arrays were scanned with the Affymetrix GeneChip
Scanner 3000. To analyze the array data, GeneChip
Operating Software (GCOS) v. 1.2 (Affymetrix, Inc., Santa
Clara, CA) and GeneSpring GX v. 7.3 (Agilent Technolo-
gies, Inc., Santa Clara, CA) were utilized with the following
parameters: alpha 1, 0.04; alpha 2, 0.06; tau 0.015; target
signal, 500. Fold changes were calculated as the ratio
between the signal averages of three biological controls
(untreated) and three biological experimental (sodium
hypochlorite-treated) for 10- and 20-min exposures.

Real-time PCR analysis

To advance our understanding in this unknown territory, we
investigated NaOCl-driven changes in global genome
expression in M. bovis BCG by using whole-genome
microarrays and validated the genes by a second method,
quantitative polymerase chain reaction (PCR).

To determine the validity of the array data, transcript-
level changes obtained with the microarray analysis were
compared with those from quantitative real-time PCR.
Genes and primer sequences employed for the real-time
PCR analysis are listed in Table 1. The housekeeping gene,
16 s rRNA, was used as an endogenous control. The real-
time PCR was performed by employing iCycler iQ Real-
Time PCR Detection System with iScript cDNA Synthesis
Kit and IQ SYBR Green Supermix (BioRad Laboratories,
Inc., Hercules, CA). For each gene, three biological
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replicates with three technical replicates each were
employed. Reaction mixtures were initially incubated for
3 min at 95.0°C followed by 40 cycles of 10 s at 95.0°C,
30 s at 55.0°C, and 20 s at 72.0°C. PCR efficiencies were
derived from standard curve slopes in the iCycler software
v. 3.1 (BioRad Laboratories, Inc., Hercules, CA). Melt-
curve analysis was also performed to evaluate PCR
specificity and resulted in single primer-specific melting
temperatures. In this report, relative quantification based on
the relative expression of a target gene versus 16S rRNA
gene was utilized to determine transcript level changes.

Results

Growth inhibition by sodium hypochlorite

To study the effect of NaOCl-induced stress onM. bovis, we
performed a transcriptome analysis upon exposure to sodium

hypochlorite by using whole-genome microarrays. M. bovis
was exposed to 2.5 mM sodium hypochlorite because we
confirmed that this concentration caused sublethal inhibition
on cell growth for the first 10 min posttreatment (see Fig. 1).
This concentration was selected also based on the fact that
US Food and Drug Administration (2003) regulations
recommend a maximum concentration of 2.7 mM of sodium
hypochlorite for disinfecting food processing equipment and
food contact surfaces (Chang et al. 2007).

In this study, to better understand how M. bovis initially
responds to 2.5 mM sodium hypochlorite, we chose to
perform a toxicogenomic analysis after 10- and 20-min
exposure times compared with control (without sodium
hypochlorite; Fig. 1).

Transcriptional profiles in response to sodium hypochlorite

To investigate early transcriptional changes in response to
sodium hypochlorite exposure, we isolated total RNA after

Table 1 Transcript level comparison of Mycobacterium bovis BCG genes between real-time PCR and microarray analyses. The real time PCR
results are the mean of three biological replicates with three technical replicates for each gene

Gene mRNA level
change with
microarraya

mRNA level change with
real-time PCRb

Sense primer sequence Antisense primer sequence

Fold change Fold change

10min 20min 10min 20min

BCG_1108 33.2 25.1 20.1(± 0.1) 20.5(± 0.0) 5′- GTT TGG TCG CAT TGA CGT CGT GTT -3′ 5′- TTG CTG CTT CAT
GAT CGG CAA GAC -3′

BCG_1533 3.7 4.8 1.4(± 0.4) 2.6(± 0.2) 5′- TCA CGT GCG TTC GAG ATC ATG TTG -3′ 5′- TCC ACA GCG TAC
GTT TGG TCA ACT -3′

BCG_0020 4.8 7.1 2.2(± 0.1) 5.7(± 0.2) 5′- AAA GTT ACC GAC GCA TCC TTT GCC -3′ 5′- TAC CAT CTT GCA
AGG TCC ACA CCA -3′

BCG_3043c 2.0 2.8 2.6(± 0.3) 4.2(± 0.0) 5′- ATA TTC CGC AGT TGA TCG CTT CGC -3′ 5′- GCG CGA TAT CCA
GCA AGG TAT TGA -3′

BCG_2447 2.3 2.4(± 0.2) 5′- CCA CTG CTA ACC ATT GGC GAT CAA -3′ 5′- AGG GCA CAC GAA
CGT GAA GTC TTT -3′

BCG_2448 2.5 2.0(± 0.1) 5′- ACG CCA AAG ACA TCA AGC TGA ACC -3′ 5′- GCT TCA GCG CCA
ATG TCA GCT AAT -3′

BCG_0280c −2.3 −2.4 −5.9(± 0.3) −4.3(± 0.1) 5′- AGG ACT ACG ACC TGG TAG GAA ACA -3′ 5′- TGC GCA GTA CCG
GAG TAA AGA ACT -3′

BCG_3162 −2.2 −2.1 −6.7(± 0.2) −3.6(± 0.1) 5′- ACG AAG CCA GCG ACA ACG ACT ATT -3′ 5′- CGA AAG CCT GGC
GTT GTT TCA CAT -3′

BCG_0877c −2.5 −1.9(± 0.1) 5′- TGC CGG TAC TGA AGA AAT GGC GTA -3′ 5′- GTT GCT TGG ACA
CCT CGA ACT TGT -3′

BCG_1154 −2.9 −2.6(± 0.1) 5′- ATG CGA GAT CCT GCT GAT CCT CAA -3′ 5′- CCA CCA ATC CTC
GAG TAT GAA GTG CT -3′

16S rRNAc 1.00 1.00 1.00 1.00 5′- TGC AAG TCG AAC GGA AAG GTC TCT -3′ 5′- AAG ACA TGC ATC
CCG TGG TCC TAT -3′

a The microarray results are the mean of three replicates of each gene
b The real-time PCR results are the mean of three biological replicates with three technical replicates for each gene.
c Internal control: 16S rRNA

130 Appl Microbiol Biotechnol (2009) 85:127–140



10 and 20 min exposure to 2.5 mM sodium hypochlorite
and conducted three independent microarray experiments in
the absence (control) and the presence (experimental) of
2.5 mM sodium hypochlorite (see Fig. 1). To further
identify genes with statistically marked changes in expres-
sion levels, we applied the following criteria to each of the
10-min, 20-min, and control-experimental microarray data
sets: (1) a p value for a 1-way analysis of variance
(ANOVA) should be equal to or less than 0.05, (2) an
absolute change, in multiples, in transcript level should be
equal to or greater than 2, and (3) a gene should have a
presence or marginal call (Affymetrix 2004) from 50% or

more replicates on both the experimental and control
replicate sets. In this experiment, we ordered custom
microarray expression chips for M. bovis BCG to Affyme-
trix. Of the 5,366 genes represented on the M. bovis
GeneChip, 1,399 genes showed statistical significance
based on a 1-way ANOVA. We found that at existing
mRNA levels, 261 genes of M. bovis BCG were signifi-
cantly altered in response to sodium hypochlorite by a
change in multiples of two or more upregulation or
downregulation. The raw data of 5,366 control (0 min)
and experimental genes (after 10- and 20-min exposures to
2.5 mM of sodium hypochlorite) have been deposited in the
National Center for Biotechnology Information (NCBI)
Gene Expression Omnibus and are accessible through GEO
Series accession number GSE 13423.

Analysis of gene expression changes in 10-min and 20-min
exposures

To examine how genes with transcript level changes are
distributed with regard to their functions, we further
classified these 261 genes that were either upregulated or
downregulated by a change in multiples of two or more
according to the Gene Classification based on COG
functional categories in the genome of NCBI.

In Fig. 2, the differences between the numbers of up-
and downregulated genes in each functional class after 10-
and 20-min exposures to 2.5 mM of sodium hypochlorite

Fig. 2 Function classification
of number of genes with statis-
tically significant upregulation
and downregulation in mRNA
level. Functional classification
of genes with upregulation
(empty bar) and downregulation
(filled bar) mRNA level changes
of twofold or more after 10- and
20-min exposures to 2.5 mM
sodium hypochlorite

Fig. 1 Growth inhibition of M. bovis BCG by sodium hypochlorite
over 60 min. ATP measurements in picomoles were monitored in 10-
min intervals. The sodium hypochlorite concentrations were as
follows: 0 mM, control (filled circle), 2.5 mM (filled square),
2.75 mM (filled triangle), and 3 mM (inverted filled triangles)
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are illustrated. Note that Fig. 2 represents a total of 98
genes excluding the group of “function unknown, hypo-
thetical protein and intergenic regions” (163 genes). Some
interesting findings are as follows: (1) more genes in the
class of “Energy production and conversion” were signif-
icantly downregulated after 20-min exposure compared
with after 10-min exposure; (2) the number of genes
involved in inorganic ion transport and metabolism and
posttranslational modification, protein turnover, and chap-
erones were increased after 20-min exposure compared with
after 10-min exposure. In general, Fig. 2 illustrates that the
functional classes contained more downregulated genes at
20-min exposure compared with 10-min exposure. This
result suggests that the functional class profiles were
notably different at 20-min exposure compared with 10-
min exposure, and this difference might explain why M.
bovis BCG underwent initial growth inhibition followed
by partial growth recovery upon exposure to sodium
hypochlorite.

Functional classifications analysis

As expected, sodium hypochlorite treatment triggered the
expression of genes involved in the antioxidant adaptation
and protection process, which are conserved among
Eubacteria. In bacteria, sodium hypochlorite has been
shown to elicit responses similar to those produced by
hydrogen peroxide. Bacterial treatment with these oxidative
chemicals causes the generation of superoxide anions
(oxygen singlets) and hydroxyl radicals, which are pre-
sumed to account for the major bactericidal activity
(Albrich and Hurst 1982; Candeias et al. 1993; Dukan

and Touati 1996; Imlay and Linn 1986; Khan and Kasha
1994a, b; hence, it has been speculated that sodium
hypochlorite functions by similar mechanisms as other
oxidizing agents (Miller and Britigan 1997).

To further identify genes with similar transcription
patterns during the time course, we categorized the 98
genes with known functions into five groups on the basis of
their transcription directions (Fig. 3). Figure 3 displays the
number of genes (98) within groups I through V.

Discussion

We constructed Table 2 with the 98 M. bovis BCG genes
that were most strongly upregulated or downregulated in
response to sodium hypochlorite after 10- and 20-min
exposures. These genes were also divided into five groups
based on their transcription directions.

Group I: genes upregulated upon 10- and 20-min exposures

Group I of Table 2 contains eight genes associated with
posttranslational modification, protein turnover, and chap-
erones in M. bovis. Interestingly, five of these genes encode
the thioredoxin, trxB, or trxC. Thioredoxins are proteins
that act as antioxidants by facilitating the reduction of other
proteins by cysteine thiol–disulfide exchange. Thioredoxins
are found in nearly all known organisms and are essential
for life in mammals (Holmgren 1989; Nordberg and Arner
2001). Very significantly, oxidoreductase showed the high-
est multiple in increases of 33.2 after 10 min and 25.1 after
20 min in this experiment.
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Fig. 3 Groups of differentially
regulated 98 genes with known
functional class, which are cate-
gorized by their transcription
directions upon 10- and 20-min
exposures. Group I contained 37
genes upregulated upon both
exposure times while group II
had 16 genes upregulated at
10 min and had no significant
changes upon 20-min exposure.
Further, group III possessed 26
genes that were upregulated in
response to 20-min exposure.
Group IV contained seven genes
downregulated upon both expo-
sure times. Finally, group V had
12 genes that exhibited down-
regulation after 20 min exposure
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The echA12 gene potentially encodes the enoyl-CoA
hydratase enzyme involved in lipid transport and metabo-
lism. It catalyzes the reversible hydration of unsaturated
fatty acyl-CoA to beta-hydroxyacyl-CoA. It is functional in
fatty acid elongation, and enoyl-CoA reductase is also
essential for the reaction (Shimakata et al. 1980).

In this study, sodium hypochlorite also upregulated the
gene expression of proteins of the proline-glutamic acid/
proline-proline-glutamic acid (PE/PPE) family upon both
10- and 20-min exposures. It is interesting to note that PE
and PPE family proteins are encoded by approximately
10% of the genome of M. tuberculosis (Cole et al. 1998).
Comparative genome sequencing of several mycobacterial
species indicates that PE/PPE gene families are unique to
M. tuberculosis, but there are a few homologues in M.
bovis, M. leprae, M. marinum, and other species (Cole
2002). It is widely speculated that PE/PPE families of
proteins may be responsible for generating antigenic
variation (Banu et al. 2002; Brennan et al. 2001; Delogu
and Brennan 2001; Singh et al. 2001). Serological studies
have shown the presence of antibodies specific to some of
the proteins from these two classes of proteins (Banu et al.
2002; Espitia et al. 1999). In addition, another study has
reported a role for PE/PPE proteins in the transportation of
antimicrobials across the outer membrane of M. tuberculo-
sis (Danilchanka et al. 2008).

Group II: genes upregulated upon 10-min exposure

Group II of Table 2 indicates that the class of “energy
production and conversion” which is responsible for electron
transfer in biological systems was upregulated after 10min. In
group II of Table 2, for instance, three genes encode
oxidoreductase, two genes code for rubredoxin, and one
gene codes for ferredoxin. An oxidoreductase is an enzyme
that catalyzes the transfer of electrons from electron donor to
electron acceptor. Like cytochromes, ferredoxins, and Rieske
proteins, rubredoxins participate in electron transfer in
biological systems. Rubredoxins are a class of low-
molecular-weight iron-containing proteins found in sulfur-
metabolizing bacteria and Archaea. Sometimes, rubredoxins
are classified as iron–sulfur proteins; however, in contrast to
iron–sulfur proteins, rubredoxins do not contain inorganic
sulfide. Ferredoxins are iron–sulfur proteins that mediate
electron transfer in a range of metabolic reactions. In
noncyclic photophosphorylation, ferredoxin is the last
electron acceptor and reduces the enzyme NADP+ reductase.

A recent study revealed a protective role for the redox-
regulated heat shock protein Hsp33 in bacteria against
hypochlorous acid stress. When exposed to bleach, Escher-
ichia coli Hsp33 becomes an active chaperone holdase that
protects essential bacterial proteins against the formation of
bleach-induced aggregates, thus increasing bacterial resis-
tance to bleach (Winter et al. 2008). Our previous data

showed that genes encoding heat shock proteins were
induced in Pseudomonas aeruginosa in response to
hydrogen peroxide exposure (Chang et al. 2005). In group
II of Table 2, there is heat shock protein, hspX, belonging
to the class of “posttranslational modification, protein
turnover, chaperones”. In addition, another heat shock
protein was upreglated in group III. It is therefore possible
that heat shock proteins also play a role in the stress
response of M. bovis to bleach.

Group III: genes upregulated upon 20-min exposure

The alkyl hydroperoxide reductase C and D (ahpCD) and
catalase–peroxidase–peroxynitritase T (katG) genes belong-
ing to the class of inorganic ion transport and metabolism
were present in group III of Table 2. Oxidant defense system
genes using catalase (kat), alkyl hydroperoxide reductase
(ahp), and glutathione peroxidase/reductase (Dukan and
Touati 1996) were all upregulated. A previous study in our
laboratory revealed that the transcription levels of ahp and
kat which are related to oxidative stress response were
increased in P. aeruginosa in response to bleach exposure
(Small et al. 2007b). The catalase gene katG (Rv2710),
which is the only known catalase in M. tuberculosis, is
required for activation of isoniazid (Wilson et al. 1998). All
the isoniazid-resistant, ahpC-overexpressing strains are defi-
cient in the activity of the mycobacterial catalase–peroxidase
KatG. The mycobacterial catalase–peroxidase KatG is a
multifunctional enzyme exhibiting catalase, broad-spectrum
peroxidase, and peroxynitritase activities. It may also play a
role in the intracellular survival of mycobacteria within
macrophages and protection against reactive oxygen and
nitrogen intermediates produced by phagocytic cells.

Group IV: genes downregulated upon 10- and 20-min
exposures

In group IV in Table 2, we noted that genes belonging to
the functional class of “lipid transport and metabolism”
were downregulated upon both exposure times. Intriguing-
ly, we observed the downregulation of BCG_0280c and
BCG_3162 (fabG4 and fadE24). Mycolic acids are a key
component of the mycobacterial cell wall providing
structure and forming a major permeability barrier. In M.
tuberculosis, mycolic acids are synthesized by type I and
type II fatty acid synthases. One of the enzymes of the type
II system is encoded by fabG4. Acyl CoA dehydrogenase is
also the enzyme used to catalyze the first step of β-
oxidation in fatty acid metabolism.

Group V: genes downregulated upon 20-min exposures

BCG_0877c (desA1) and BCG_1154 (desA2) which are
possibly parts of an extensively modified long-chain fatty
acid complex were downregulated at 20 min (Table 2). The
acyl-ACP desaturases are one of the major functional

138 Appl Microbiol Biotechnol (2009) 85:127–140



classes of soluble diiron enzymes (Fox et al. 2004).
Genome sequencing has suggested that M. tuberculosis
and related organisms also contain acyl-ACP desaturase-
like proteins (Cole et al. 1998). This finding has intriguing
biochemical implications as all mycobacteria have an outer
cell wall containing an extensively modified long-chain
fatty acid complex called mycolic acid (Barry et al. 1998).
This waxy coating provides a protective barrier against
macrophage attack, desiccation, water-soluble antibiotics,
and other antimicrobial agents. A widely attributed hypoth-
esis is that the biosynthesis of mycolic acid requires
desaturases to form precursors with position-specific double
bonds (Dubnau et al. 2000; Yuan et al. 1995). Subsequent
modifications of the double bonds allow position-specific
cyclopropanation, epoxidation, hydroxylation, methoxyla-
tion, and ketonization. Therefore, desaturation is likely an
essential step in the biosynthesis of structurally and
chemically diverse mycolic acids. Therefore, this outcome
in conjunction with the extensive downregulation of the
genes encoding mycolic acid biosynthesis suggests that
sodium hypochlorite may inhibit biosynthesis of the
mycolic acid in outer cell wall of M. bovis.

In summary, this paper describes the first genome-wide
transcriptional analysis ofM. bovis BCG response to sodium
hypochlorite. Briefly, our data, based on the toxicogenomic
analysis, showed the following results. First, sodium
hypochlorite is an oxidant which initiates a stress response
and induces the expression of heat shock proteins; secondly,
this outcome in conjunction with the extensive down-
regulation of the genes encoding mycolic acid biosynthesis
suggests that sodium hypochlorite may inhibit biosynthesis
of the mycolic acid in outer cell wall of M. bovis.

Consequently, we are currently exploring whether the
upregulation and/or downregulation of these genes help
protect against sodium hypochlorite in M. bovis and how
this event is linked to the bacterial growth inhibition and
metabolism in the early response after10 and 20 min.

Acknowledgements This research is supported by the US Environ-
mental Protection Agency Grant number T-83284001-2. Although the
research described in this paper has been funded wholly by the US
Environmental Protection Agency, it has not been subjected to the
Agency’s peer and administrative review and, therefore, may not
necessarily reflect the views of the EPA nor does the mention of trade
names or commercial products constitute endorsement of recommen-
dation of use.

References

Affymetrix (2004) Affymetrix GeneChip® expression analysis tech-
nical manual. Affymetrix, Inc, Santa Clara

Albrich JM, Hurst JK (1982) Oxidative inactivation of Escherichia
coli by hypochlorous acid. Rates and differentiation of respira-
tory from other reaction sites. FEBS Lett 144:157–161

Banu S, Honore N, Saint-Joanis B, Philpott D, Prevost MC, Cole ST
(2002) Are the PE-PGRS proteins of Mycobacterium tuberculosis
variable surface antigens? Mol Microbiol 44:9–19

Barry CE 3rd, Lee RE, Mdluli K, Sampson AE, Schroeder BG,
Slayden RA, Yuan Y (1998) Mycolic acids: structure, biosyn-
thesis and physiological functions. Prog Lipid Res 37:143–179

Brennan MJ, Delogu G, Chen Y, Bardarov S, Kriakov J, Alavi M,
Jacobs WR Jr (2001) Evidence that mycobacterial PE_PGRS
proteins are cell surface constituents that influence interactions
with other cells. Infect Immun 69:7326–7333

Cahn P, Perez H, Ben G, Ochoa C (2003) Tuberculosis and HIV: a
partnership against the most vulnerable. J Int Assoc Physicians
AIDS Care (Chic Ill) 2:106–123

Cain KP, Benoit SR, Winston CA, Mac Kenzie WR (2008)
Tuberculosis among foreign-born persons in the United States.
Jama 300:405–412

Candeias LP, Patel KB, Stratford MR, Wardman P (1993) Free
hydroxyl radicals are formed on reaction between the neutrophil-
derived species superoxide anion and hypochlorous acid. FEBS
Lett 333:151–153

Chang W, Small DA, Toghrol F, Bentley WE (2005) Microarray
analysis of Pseudomonas aeruginosa reveals induction of pyocin
genes in response to hydrogen peroxide. BMC Genomics 6:115

Chang W, Small DA, Toghrol F, Bentley WE (2006a) Global
transcriptome analysis of Staphylococcus aureus response to
hydrogen peroxide. J Bacteriol 188:1648–1659

Chang W, Toghrol F, Bentley WE (2006b) Toxicogenomic response of
Staphylococcus aureus to peracetic acid. Environ Sci Technol
40:5124–5131

Chang MW, Toghrol F, Bentley WE (2007) Toxicogenomic response
to chlorination includes induction of major virulence genes in
Staphylococcus aureus. Environ Sci Technol 41:7570–7575

Cole ST (2002) Comparative and functional genomics of the
Mycobacterium tuberculosis complex. Microbiology 148:2919–
2928

Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D,
Gordon SV, Eiglmeier K, Gas S, Barry CE 3rd, Tekaia F,
Badcock K, Basham D, Brown D, Chillingworth T, Connor R,
Davies R, Devlin K, Feltwell T, Gentles S, Hamlin N, Holroyd S,
Hornsby T, Jagels K, Krogh A, McLean J, Moule S, Murphy L,
Oliver K, Osborne J, Quail MA, Rajandream MA, Rogers J,
Rutter S, Seeger K, Skelton J, Squares R, Squares S, Sulston JE,
Taylor K, Whitehead S, Barrell BG (1998) Deciphering the
biology of Mycobacterium tuberculosis from the complete
genome sequence. Nature 393:537–544

Danilchanka O, Mailaender C, Niederweis M (2008) Identification of
a novel multidrug efflux pump of Mycobacterium tuberculosis.
Antimicrob Agents Chemother 52:2503–2511

Delogu G, Brennan MJ (2001) Comparative immune response to PE
and PE_PGRS antigens of Mycobacterium tuberculosis. Infect
Immun 69:5606–5611

Dosanjh NS, Rawat M, Chung JH, Av-Gay Y (2005) Thiol specific
oxidative stress response in Mycobacteria. FEMS Microbiol Lett
249:87–94

Dubnau E, Chan J, Raynaud C, Mohan VP, Laneelle MA, Yu K,
Quemard A, Smith I, Daffe M (2000) Oxygenated mycolic acids
are necessary for virulence of Mycobacterium tuberculosis in
mice. Mol Microbiol 36:630–637

Dukan S, Touati D (1996) Hypochlorous acid stress in Escherichia
coli: resistance, DNA damage, and comparison with hydrogen
peroxide stress. J Bacteriol 178:6145–6150

Espinal MA (2003) The global situation of MDR-TB. Tuberculosis
(Edinb) 83:44–51

Espitia C, Laclette JP, Mondragon-Palomino M, Amador A, Campu-
zano J, Martens A, Singh M, Cicero R, Zhang Y, Moreno C
(1999) The PE-PGRS glycine-rich proteins of Mycobacterium

Appl Microbiol Biotechnol (2009) 85:127–140 139



tuberculosis: a new family of fibronectin-binding proteins?
Microbiology 145(Pt 12):3487–3495

Fox BG, Lyle KS, Rogge CE (2004) Reactions of the diiron enzyme
stearoyl-acyl carrier protein desaturase. Acc Chem Res 37:421–
429

Gomez JE, McKinney JD (2004) M. tuberculosis persistence, latency,
and drug tolerance. Tuberculosis (Edinb) 84:29–44

Graham JE, Clark-Curtiss JE (1999) Identification of Mycobacte-
rium tuberculosis RNAs synthesized in response to phagocyto-
sis by human macrophages by selective capture of transcribed
sequences (SCOTS). Proc Natl Acad Sci U S A 96:11554–
11559

Holmgren A (1989) Thioredoxin and glutaredoxin systems. J Biol
Chem 264:13963–13966

Imlay JA, Linn S (1986) Bimodal pattern of killing of DNA-repair-
defective or anoxically grown Escherichia coli by hydrogen
peroxide. J Bacteriol 166:519–527

Jang HJ, Chang MW, Toghrol F, Bentley WE (2008) Microarray
analysis of toxicogenomic effects of triclosan on Staphylococcus
aureus. Appl Microbiol Biotechnol 78:695–707

Khan AU, Kasha M (1994a) Singlet molecular oxygen evolution upon
simple acidification of aqueous hypochlorite: application to
studies on the deleterious health effects of chlorinated drinking
water. Proc Natl Acad Sci U S A 91:12362–12364

Khan AU, Kasha M (1994b) Singlet molecular oxygen in the Haber-
Weiss reaction. Proc Natl Acad Sci U S A 91:12365–12367

Miller RA, Britigan BE (1997) Role of oxidants in microbial
pathophysiology. Clin Microbiol Rev 10:1–18

Nordberg J, Arner ES (2001) Reactive oxygen species, antioxidants, and
the mammalian thioredoxin system. Free Radic Biol Med 31:1287–
1312

Pasterkamp H (2001) Of Microsoft and mycobacteria. Can J Infect Dis
12:72–73

Pym AS, Cole ST (1999) Post DOTS, post genomics: the next century
of tuberculosis control. Lancet 353:1004–1005

Shimakata T, Fujita Y, Kusaka T (1980) Involvement of one of two
enoyl-CoA hydratases and enoyl-CoA reductase in the acetyl-
CoA-dependent elongation of medium chain fatty acids by
Mycobacterium smegmatis. J Biochem 88:1051–1058

Singh VK, Moskovitz J, Wilkinson BJ, Jayaswal RK (2001)
Molecular characterization of a chromosomal locus in Staphylo-
coccus aureus that contributes to oxidative defence and is highly
induced by the cell-wall-active antibiotic oxacillin. Microbiology
147:3037–3045

Small DA, Chang W, Toghrol F, Bentley WE (2007a) Comparative
global transcription analysis of sodium hypochlorite, peracetic
acid, and hydrogen peroxide on Pseudomonas aeruginosa. Appl
Microbiol Biotechnol 76:1093–1105

Small DA, Chang W, Toghrol F, Bentley WE (2007b) Toxicogenomic
analysis of sodium hypochlorite antimicrobial mechanisms in
Pseudomonas aeruginosa. Appl Microbiol Biotechnol 74:176–185

U.S. Food and Drug Administration (2003) Indirect food additives:
adjuvants, production aids, and sanitizers 21 C.F.R. U.S. Food
and Drug Administration, Washington D.C.

Wilson T, de Lisle GW, Marcinkeviciene JA, Blanchard JS, Collins
DM (1998) Antisense RNA to ahpC, an oxidative stress defence
gene involved in isoniazid resistance, indicates that AhpC of
Mycobacterium bovis has virulence properties. Microbiology 144
(Pt 10):2687–2695

Winter J, Ilbert M, Graf PC, Ozcelik D, Jakob U (2008) Bleach
activates a redox-regulated chaperone by oxidative protein
unfolding. Cell 135:691–701

Yuan Y, Lee RE, Besra GS, Belisle JT, Barry CE 3rd (1995)
Identification of a gene involved in the biosynthesis of cyclo-
propanated mycolic acids in Mycobacterium tuberculosis. Proc
Natl Acad Sci U S A 92:6630–6634

140 Appl Microbiol Biotechnol (2009) 85:127–140


	Global transcriptome analysis of the Mycobacterium bovis BCG response to sodium hypochlorite
	Abstract
	Introduction
	Materials and methods
	Bacterial strains and growth conditions

	Disinfectant treatment and ATP measurements
	RNA isolation
	cDNA synthesis, labeling, hybridization, staining, and scanning
	Affymetrix M. bovis BCG custom genechip analysis
	Real-time PCR analysis

	Results
	Growth inhibition by sodium hypochlorite
	Transcriptional profiles in response to sodium hypochlorite
	Analysis of gene expression changes in 10-min and 20-min exposures
	Functional classifications analysis

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


