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Abstract Tuberculosis is a leading cause of death world-
wide and infects thousands of Americans annually. Myco-
bacterium bovis causes tuberculosis in humans and several
animal species. Peracetic acid is an approved tuberculocide
in hospital and domestic environments. This study presents
for the first time the transcriptomic changes in M. bovis
BCG after treatment with 0.1 mM peracetic acid for 10 and
20 min. This study also presents for the first time a
comparison among the transcriptomic responses of M. bovis
BCG to three oxidative disinfectants: peracetic acid,
sodium hypochlorite, and hydrogen peroxide after 10 min
of treatment. Results indicate that arginine biosynthesis,
virulence, and oxidative stress response genes were
upregulated after both peracetic acid treatment times. Three
DNA repair genes were downregulated after 10 and 20 min
and cell wall component genes were upregulated after
20 min. The devR—devS signal transduction system was
upregulated after 10 min, suggesting a role in the protection
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against peracetic acid treatment. Results also suggest that
peracetic acid and sodium hypochlorite both induce the
expression of the ctpF gene which is upregulated in
hypoxic environments. Further, this study reveals that in
M. bovis BCG, hydrogen peroxide and peracetic acid both
induce the expression of katG involved in oxidative stress
response and the mbfD and mbtl genes involved in iron
regulation/virulence.
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Introduction

Despite extensive research that has been carried out and the
availability of effective chemotherapy, tuberculosis (TB)
still remains a leading cause of death worldwide (Sassetti et
al. 2003). Data from the Centers for Disease Control and
Prevention (CDC) indicate that by the end of 2007, two
billion people worldwide were infected by Mycobacterium
tuberculosis, which is the most common cause of TB in the
USA. CDC reports also indicate that although the number
of TB cases is on the decrease in the USA, thousands of
Americans are still infected and hundreds die annually from
the disease.

M. tuberculosis and Mycobacterium bovis are more
than 99% genetically similar (Garnier et al. 2003). M. bovis
is part of the M. tuberculosis complex and is implicated in
tuberculosis infections in humans and several animal
species (Garnier et al. 2003; Golby et al. 2007). The
tuberculosis vaccine strain M. bovis Bacillus Calmette-
Guerin (M. bovis BCG) was derived from M. bovis (Garnier
et al. 2003; Keller et al. 2008).
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Oxidative disinfectants including peracetic acid, sodium
hypochlorite, and hydrogen peroxide are approved by the
Environmental Protection Agency as active ingredients in
disinfectants used for the eradication of pathogens including
M. tuberculosis in the hospital, domestic, and agricultural
environments. Studies have reported that peracetic acid
treatment leads to protein and enzyme denaturation and
increased cell wall permeability of bacteria through the
disruption of sulthydryl (-SH) and disulfide bonds (S-S)
(Kitis 2004; Block 2001). We have also previously shown
using microarray technology that in Staphylococcus aureus,
peracetic acid alters the expression of membrane transport
genes and induces the transcription of DNA repair and
replication genes (Chang et al. 2006b). To our knowledge,
our recent studies of the toxicogenomic response of M. bovis
BCG to sodium hypochlorite and hydrogen peroxide are the
only studies that report the global transcriptomic response of
any mycobacterial species to oxidative disinfectants (Jang et
al. 2009a, b). Peracetic acid is approved for disinfection
against mycobacteria, yet the mechanism of action of
peracetic acid in any mycobacterial species from a global
genomic perspective has not been investigated.

Several previous reports have compared microarray
studies, either for analyzing the responses of one organism
to different treatments or the responses of different
organisms to the same treatment. However, the results of
these studies are often indecisive (Small et al. 2007). A
comparative analyses of the global transcriptomic effects of
different antimicrobials in the same pathogenic organism
will provide information on major differences and similarities
between the metabolic pathways affected in that organism
following treatment with these disinfectants. This information
will help in the identification of commonly regulated genes in
response to these antimicrobials which will facilitate the
understanding of their modes of action. The current study and
our previous studies (Jang et al. 2009a, b) have detailed the
toxicogenomic response of M. bovis BCG to peracetic acid,
sodium hypochlorite, and hydrogen peroxide. Using the data
from these reports, we carried out a comparative analysis of
the transcriptomic responses observed after 10 min of
treatment of M. bovis BCG with the three oxidative
disinfectants. We focused on data generated after 10 min of
treatment in this analysis as it was a common treatment time
among the three studies. A significant advantage of the
comparative analysis carried out in the second section of this
study is that the transcriptome data and real-time polymerase
chain reaction (PCR) validation of microarray results was
obtained from experiments carried out under similar
experimental conditions in our laboratory.

In the first section of this study, we performed an
analysis of the toxicogenomic response of the model
organism, M. bovis BCG to 0.1 mM peracetic acid using
Affymetrix M. bovis BCG custom arrays. Results from the

@ Springer

first section of this study identify signature genes that are
differentially regulated in mycobacteria in response to per-
acetic acid and improve the understanding of the genetic basis
of resistance to this disinfectant. In addition, the information
generated from this study sheds more light on the mechanism
of action of peracetic acid in Mycobacteria. The second
section of this report provides the first comparative analysis
of the global gene response of M. bovis BCG to oxidative
antimicrobials and improves the understanding of the
similarities between the mechanisms of action of these
disinfectants. In addition, this comparative analysis provides
information that can be used for the development of more
effective oxidative antimicrobials and antimicrobial mixtures.

Materials and methods
Preparation of bacterial culture and growth conditions

As previously described (Jang et al. 2009a, b), a stock
culture of M. bovis BCG strain Pasteur 1173P2 (ATCC
35748) was inoculated into 200 ml Middlebrook 7H9
broth (Difco, Sparks, MO, USA) supplemented with 0.1%
(v/v) Tween 80 (Sigma-Aldrich Co., St. Louis, MO, USA)
and 10% (v/v) OADC (oleic acid, albumin, dextrose,
catalase). Following incubation at 37°C with shaking at
200 rpm, the culture reached an ODgoo of 0.3-0.4 after
5 days. One-milliliter volumes of this culture were maintained
in 10% (v/v) glycerol at —80°C for subsequent use.

Measurement of cellular adenosine triphosphate

Due to the characteristic slow growth of M. bovis BCG, the
quantity of adenosine triphosphate (ATP) produced by cells
treated with peracetic acid as opposed to colony counts was
used to monitor the changes in the number of viable cells.
A 1-ml aliquot of the prepared M. bovis culture was added
to the M7H9 medium and incubated at 37°C with shaking
at 200 rpm to reach an ODg of 0.3—-0.4 after 5 days. Cells
were harvested and resuspended in 200 ml of Luria—Bertani
(LB) broth containing 0.1% Tween 80 and incubated for 24 h at
37°C to reach an ODgy of 0.3-0.6. The amount of
luminescence in relative light units (RLU) produced by cells
was measured using the Bac-Titer Glo™ microbial cell
viability assay and the Glomax™ luminometer (Promega
Co., San Luis Obispo, CA, USA). A standard curve relating
luminescence (RLU) and the corresponding amount of ATP in
picomoles has been previously reported (Jang et al. 2009a, b).

Peracetic acid treatment and ATP measurements

To determine a value for background luminescence prior to
disinfectant treatments, cells in 1 ml of the untreated culture
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in LB broth were harvested, washed in 1 ml 1x phosphate-
buffered saline (PBS) (Invitrogen, Carlsbad, CA, USA) and
resuspended in 200 ul PBS. A 100-pl volume of the
resuspended pellet of untreated cells was added to marked
control wells of a 96-well plate containing 100 pl of the
Bac-Titer Glo buffer—substrate mixture and luminescence
was measured. LB growth cultures were dispensed into
designated 50 ml tubes, and peracetic acid was added to the
cultures to reach test concentrations of 0, 0.05, 0.1, 0.2, and
0.5 mM. Luminescence measurements were performed at
10-min intervals during a 1-h period for the different
peracetic acid concentrations as described for the untreated
culture.

RNA extraction

M. bovis BCG cells treated with peracetic acid and
untreated cells were harvested and resuspended in PBS
buffer. The mini-bead beater-16 (BioSpec Products Inc,
Bartlesville, OK, USA) was used for breaking down the
cells. Beating was carried during five 1-min periods.
Microcentrifuge tubes containing the cells were stored on
ice for 2 min after each beating period. RNA was extracted
from untreated to peracetic acid-treated (0.1 mM) cells after
10 and 20 min using the RiboPure bacteria kit (Ambion,
Inc., Austin, TX, USA). Eluted RNA was quantified using
the NanoDrop spectrophotometer (NanoDrop Technologies,
Inc., Wilmington, DE, USA). RNA quality and purity were
checked using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA).

Complementary DNA synthesis, labeling, hybridization,
staining, and scanning

Complementary DNA (cDNA) synthesis, fragmentation,
labeling, hybridization, washing, and staining were
performed according to instructions for the Affymetrix
GeneChip arrays (Affymetrix, Inc., Santa Clara, CA,
USA) as reported in our previous publications (Chang et
al. 2006a, b; Jang et al. 2008; Nde et al. 2008).

Data analysis: toxicogenomic response of M. bovis BCG
to peracetic acid

Data analysis was performed using the Affymetrix GeneChip
Operating Software (GCOS), version 1.0, and GeneSpring
Version 7.3 (Agilent Technologies). Parameters employed for
expression analysis using GCOS include «1=0.04, a,=
0.06, 7=0.015, and target signal was scaled to 150.
Statistically significant changes in gene expression were
identified by one-way ANOVA (p value<0.05). Fold
changes were calculated as the ratios between the signal
averages of three untreated (control) and three peracetic

acid-treated cultures. Genes with a 2-fold or more
induction or repression were used in this analysis.

Data analysis: comparisons among the toxicogenomic
responses of M. bovis BCG to sodium hypochlorite,
hydrogen peroxide, and peracetic acid

The Affymetrix GCOS, version 1.0, and GeneSpring
Version 7.3 (Agilent Technologies) were used for data
analysis. The same parameters mentioned above were
employed for expression analysis using GCOS. Using
GeneSpring, three sodium hypochlorite-treated sample
replicates, three hydrogen peroxide-treated replicates, and
three peracetic acid-treated replicates, with exposure times
of 10 min each, were normalized to three untreated
(control) sample replicates. As previously described (Small
et al. 2007), the lists of genes with present/marginal calls
from 50% or more of the replicates were created for each
sample set (three untreated control samples, three sodium
hypochlorite-treated samples, three hydrogen peroxide-
treated samples, and three peracetic acid-treated samples).
A master list was then created by merging the four gene
lists. A one-way ANOVA (p value<0.05) was used to
determine statistically significant gene expression changes
within this master list. Fold changes were calculated as the
ratios between the signal averages of three untreated
(control) and the signal averages of each of the
disinfectant-treated (sodium hypochlorite (2.5 mM; Jang
et al. 2009a), hydrogen peroxide (0.5 mM; Jang et al.
2009b), and peracetic acid (0.1 mM)) cultures.

Real-time PCR analysis: toxicogenomic response
of M. bovis BCG to peracetic acid

Quantitative real-time PCR on nine randomly selected
genes was carried out in order to validate the transcript
levels obtained by the microarray experiments. Primer
sequences and genes used for PCR analysis are listed in
Table 1. The M. bovis BCG 16S recombinant RNA (rRNA)
housekeeping gene was used as an internal control in the
PCR reactions. The iCycler iQ PCR system, the iScript
cDNA synthesis kit, and the IQ SYBR Green Supermix
(BioRad Laboratories, Inc., Hercules, CA, USA) were used
to perform the real-time PCR reactions. For each gene,
three biological replicates with three technical replicates
each were employed. The conditions used for PCR
reactions were 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 determined from standard curve slopes in
the iCycler software v.3.1. Assessment of PCR specificity
was carried out using melt-curve analysis. Single primer-
specific melting temperatures were obtained from melt-
curve analysis. Changes in the expression of genes relative
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Table 1 Transcript level comparison of M. bovis BCG genes between real-time PCR and microarray analyses

Gene mRNA level mRNA level Forward primer sequence (5-3) Reverse primer sequence (5'-3')

change with change with real-

microarray® time PCR®

Fold change Fold change

10 min 20 min 10 min 20 min
BCG 1697 2.39 2.62 3.48 222 ATCAACGTCACCAAACGTTCGCC TTCGGTGTAGGCGTAGATGTCCTT
BCG_1698 2.79 2.81 3.18 2.07 TAGCTCGATCATGCCGCAGAAGAA AATCGAACACCGGCTCCTTGTCTT
BCG 2395¢ 2.07 2.14 2.76 2.07 ACTGGACTTGCGTAACCGACTCAA ACGCGAAATGTCCACTTTCTGTGC
BCG 1947¢ 2.19 241 3.1 2.32 AACATCAAAGTGTCCTTCGCCGAC GCAAAGGATTCCACGTCGGTTTGT
BCG _3156¢ 2.09 4.5 ATTGAACTGTGCCGCGATCTGTTG GCCAACTCCATTCCCTTGATGTCT
BCG 3155¢ 2.13 3.56 ATCCTGAAGTGCAGCAACGACTCT ACAATGGACCCACGAATTGAACGC
BCG_1249 -2.18 -2.15 TATGGCAGTGGGTGGGTACCAATA TTCTGGCCCTGGTAATCGAATGCT
BCG 2180c 2.03 3.32 GCAATTGGAAGAGGCCAGGAAGAA GGCATCTGGCTTGTTGTTCAGCTT
BCG 0299¢ —2.57 -2.12 —2.38 —3.45 AGTATCGCATCGAGCTGAACACCA TGCGAAAGAGAACCCGATGAACGA
16S rRNA® 1.00 1.00 1.00 1.00 TGC AAG TCG AAC GGA AAG GTC AAG ACA TGC ATC CCG TGG TCC

TCT

TAT

? The microarray results are the mean of three replicates of each gene

® The real-time PCR results are the mean of three biological replicates with three technical replicates for each gene

¢ Internal control: 16S rRNA

to the 16S rRNA gene were used to quantify transcript level
changes. Data on Table 1 indicate that our microarray
results were in agreement with real-time PCR results.

Results
Growth inhibition of M. bovis BCG by peracetic acid

In order to determine a suitable sublethal concentration of
peracetic acid that will produce strong growth inhibition,
M. bovis BCG was exposed to four concentrations of
peracetic acid (0.05, 0.1, 0.2, and 0.5 mM), and growth
inhibition was monitored by the changes in the amounts of
ATP in picomoles produced 10 min intervals for 1 h. In
Fig. 1, the highest concentration of peracetic acid used
(0.5 mM) produced a drastic growth inhibition. Therefore, a
lower concentration of 0.1 mM was selected as the test
concentration to observe the sublethal effects of peracetic
acid on M. bovis BCG.

Changes in the transcriptional profiles of M. bovis BCG
in response to peracetic acid

Three microarray replicates were used in the absence

(control) and in the peracetic acid-exposed (experimental)
group. Transcriptome time course effects were observed
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after 10 and 20 min of exposure to 0.1 mM peracetic acid.
Determination of significant changes in transcription in
response to peracetic acid was based on the following
criteria: (1) the p value for a Mann—Whitney ¢ test <0.05,
(2) a >2-fold change in transcript level, and (3) a gene
should have a present or marginal call (Affymetrix, Inc.)
from 50% or more replicates on both experimental and
control replicate sets. After a one-way ANOVA, 1,740 out of
the 5,412 genes that make up the M. bovis BCG genome were
found to be statistically significant. Further analysis of these
genes revealed that a total of 277 were upregulated >2-fold
or downregulated <2-fold after 10 and 20 min. All data
from this study have been deposited in the National
Center for Biotechnology information (NCBI) gene
Expression Omnibus and can be accessed through the
GEO series accession number GSE 15023.

Functional classification of upregulated and downregulated
genes in M. bovis BCG in response to peracetic acid
treatment

The 277 statistically significant genes were classified based
on the COG functional categories specified by the NCBI.
One hundred sixty-six genes were classified as “function
unknown”, “intergenic regions”, “hypothetical”, “general
function prediction only”, and “unclassified”. These genes
have not been included in Figs. 2 and 3. Figure 2 illustrates
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Fig. 1 Growth Inhibition of M. bovis BCG by peracetic acid over
60 min. ATP measurements in picomoles were monitored in 10-min
intervals. The peracetic acid concentrations were as follows: control with
water (filled square), 0.05 mM (filled triangle), 0.1 mM (inverted filled
triangle), 0.2 mM (filled diamond), and 0.5 mM (filled circle). Each data
point was determined from the average of three separate experiments and
the error bars represent the standard deviations obtained

the grouping of 111 up- and downregulated genes at 10 and
20 min into different functional classes and the total
number of genes in each class.

In Fig. 2, the functional classes of “coenzyme metabo-
lism” and “inorganic ion transport and metabolism”
contained more downregulated genes at 20 min compared
to 10 min. The functional classes of “amino acid transport
and metabolism”, “DNA replication, recombination, and
repair”’, “lipid metabolism”, and “signal transduction
mechanisms” contained more upregulated genes at 10 min
compared to 20 min.

Grouping of functionally classified up- and downregulated
genes in M. bovis BCG in response to peracetic acid treatment

The 111 up- and downregulated genes were placed in 6
groups based on their transcription directions. Figure 3
illustrates the six groups and the total number of genes in
each group. Group I contains genes that were upregulated
after 10 and 20 min. Group II is made up of genes that were
upregulated after 10 min only. Group III contains genes that
were downregulated only upon 10 min of peracetic acid
treatment. Group IV contains genes that were upregulated

after 20 min only. Group V is made up of genes that were
downregulated only after 20 min. Group VI contains genes
that were downregulated after both 10 and 20 min.

Changes in the transcriptional profiles of M. bovis BCG
in response to sodium hypochlorite, hydrogen peroxide,
and peracetic acid

Of the 5,412 genes represented in the M. bovis BCG custom
array, 4,860 genes passed the present/marginal call from the
four sample sets (three untreated control samples, three
sodium hypochlorite-treated samples, three hydrogen
peroxide-treated samples, and three peracetic acid-treated
samples) to form a master list. Based on the one-way
ANOVA, 2,090, 2,069, and 1,973 genes in the sodium
hypochlorite, hydrogen peroxide, and peracetic acid sample
sets, respectively, were statistically significant. When fold
change analysis was carried out, 84 genes in the sodium
hypochlorite-treated samples showed a 2-fold up- or
downregulation in expression compared to the control
samples. Fifteen genes in the hydrogen peroxide-treated
samples showed a 2-fold up- or downregulation in
expression compared to the control samples, and within
the peracetic acid-treated samples, 290 genes were 2-fold
up- or downregulated compared to the controls.

Venn diagram regions

A Venn diagram which shows the unions and intersections
of the three disinfectants was constructed (Fig. 4). Fifty-two
genes were upregulated and five genes were downregulated
exclusively in response to sodium hypochlorite (region 1).
Six genes were upregulated and no genes were downregulated
exclusively in response to hydrogen peroxide (region 2). One
hundred seventy genes were upregulated and 96 genes were
downregulated exclusively in response to peracetic acid
(region 3). There were six upregulated genes and no down-
regulated genes in common between sodium hypochlorite and
hydrogen peroxide (region 4). Twenty upregulated genes and
one downregulated gene were common between sodium
hypochlorite and peracetic acid (region 5). There were
three upregulated and no downregulated genes in
common between hydrogen peroxide and peracetic acid
(region 6). No genes were found in common to all the
three disinfectants (region 7).

Heat map analysis of changes in the transcriptional profiles
of M. bovis BCG in response to sodium hypochlorite,

hydrogen peroxide, and peracetic acid

A heat map analysis illustrating the changes in gene
expression in the control samples and experimental samples

@ Springer
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Fig. 2 Functional classification
of statistically significant Amino acid transport and metabolism (17)
upregulated (filled bars) and .
downregulated (empty bars) Carbohydrate transport and metabolism (4)
genes after 10 and 20 min O_f Cell division and chromosome partitioning (2)
exposure to 0.1 mM peracetic
acid. The numbers in Cell envelope biogenesis outer membrane (3)
parentheses indicate the total
number of genes for each Coenzyme metabolism (7)
functional class in both groups DNA replication recombination and repair (5)
(a total of 111 genes)
Energy production and conversion (11)
Inorganic ion transport and metabolism (7)
Lipid metabolism (6)
Nucleotide transport and metabolism (2)
Posttranslational modification protein turnover chaperones (5)
Secondary metabolites biosynthesis transport and catabolism (5)
Signal transduction mechanisms (9)

Transcription (22) ; .
Translation, ribosomal structure and biogenesis (6) : 10min 20min
1

Functional Classes

I T T T T T

0 5 10 15 0 5 10 5
Number of genes
Groupl  Groupll GroupIll  GrouwplV  GroupV  Group VI
Amino acid transport and metabolism :l :I :]
Carbohydrate transport and metabolism :l ]
Cell division and chromosome partitioning ]
n Cell envelope biogenesis, outer membrane I
)
% Coenzyme metabolism :l :]
E DNA replication, recombination and repair ]
O Energy production and conversion ] :I
-
o] Inorganic ion transport and metabolism :l :]
-~
$ Lipid metabolism :l :l ]
-
*5 Nuelantid port and metaboli I ]
5 Posttranslational modification, protein turnover, chaperones :|
h. Secondary metaholites biosynthesis, transport and catabolism :I :l
Signal transduction mechanisms - ]
Transcription j l
Translation, ribosomal structure and biogenesis l ]
r T r T T T T T T
0 5 {00 5§ 1000 25 5000 25 5000 25 500 5 10135
Number of genes
Fig. 3 Classification of significantly regulated 111 genes into 6 exposure. Group III consists of genes downregulated after 10 min,
groups based on their transcription directions after 10 and 20 min of with no significant changes upon 20 min of treatment. Group IV is
exposure to 0.1 mM peracetic acid. Filled bars indicate upregulation made up of genes that were upregulated in response to 20 min of
at either or both treatment times. Empty bars indicate downregulation treatment. Group V is made up of genes that were downregulated upon
at either one or both treatment times. Group I is made up of genes 20 min of treatment. Group VI is made up of genes that were
upregulated after both exposure times. Group II contains genes downregulated upon both treatment times

upregulated at 10 min, with no significant changes after 20 min of
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Region 1 . Region 2

NaOCl Region 4 H,0,

52 upregulated NaOCl 6 upregulated
H,0,

5 downregulated 0 downregulated

6 upregulated
0 downregulated

Region 7
Region5 NaOCl
H,0,
CH;CO;H

0 genes

Region 6
H,0,
CH;CO;H

3 upregulated

0 downregulated

Region 5
CH,CO;H
NaOCl

20 upregulated
1 downregulated

Region 3
CH,CO;H

170genes upregulated
96 genes downregulated

Fig. 4 Venn diagram showing intersections among the genes up- and
downregulated in M. bovis BCG in response to sodium hypochlorite,
peracetic acid, and hydrogen peroxide treatment. Designated regions
are as follows: sodium hypochlorite is exclusively in region 1,
hydrogen peroxide is exclusively in region 2, peracetic acid is
exclusively in region 3, the intersection between sodium hypochlorite
and hydrogen peroxide is in region 4, the intersection between sodium
hypochlorite and peracetic acid is in region 5, the intersection between
hydrogen peroxide and peracetic acid is in region 6, and the
intersection of all three antimicrobials is in region 7. The genes in
the regions represented in this diagram are listed in Table 3

for sodium hypochlorite, hydrogen peroxide, and peracetic
acid treatment was performed. Visual inspection of the heat
map indicates that sodium hypochlorite and peracetic acid
treatments led to more changes in gene expression (up- and
downregulation of genes) compared to hydrogen peroxide
treatment (Fig. 5).

Discussion
Toxicogenomic response of M. bovis BCG to peracetic acid

All of the genes discussed in this report are in the
Supplementary material. However, for clarity and to
facilitate the reading of this report, the genes discussed
below in the six groups are indicated in Table 2.

Group I: genes upregulated after 10 and 20 min of exposure
to peracetic acid

This class contained eight genes relating to arginine biosyn-
thesis namely BCG_1691-1698 (argC, argl, argB, argD and
argF, argG and argH, and argR). All the genes involved in
the arginine biosynthetic pathway are essential for optimal
growth of both M. tuberculosis and M. bovis BCG (Sassetti

et al. 2003). The upregulation of arginine biosynthesis in this
study corroborates the fact that arginine is necessary for M.
bovis BCG growth but also points to the possibility that
arginine biosynthesis in M. bovis BCG may play a role in its
adaptation to peracetic acid-induced oxidative stress.

The polyketide synthase-associated gene, papAl
(BCG_3887c) which encodes a probable acyltransferase
was upregulated after both treatment times. PapAl is
required for the biosynthesis of sulfolipid-1, which is a
major glycolipid of the M. tuberculosis cell wall and is
suspected to be involved in virulence (Bhatt et al. 2007). A
second polyketide synthase gene mbtD gene (BCG_2395¢)
was also upregulated in this group. MbtD encodes a
polyketide synthase that is involved in the biosynthesis of
mycobactins which are salicylic acid-derived siderophores,
important in mycobacterial iron acquisition (Barclay and
Ratledge 1983; LaMarca et al. 2004; Quadri et al. 1998;
Snow 1970). Iron is essential in mycobacteria as a cofactor
for enzymes catalyzing redox reactions and for other
cellular functions (Rodriguez and Smith 2006). In M.
tuberculosis, mycobactins are essential for virulence and
infection maintenance (Neres et al. 2008; Rodriguez and
Smith 2006). Mycobactins may also function as temporary
reservoirs of iron, potentially mediating the formation of
reactive oxygen species (De Voss et al. 2000; Snow 1970;
Vergne et al. 2000). The upregulation of these virulence-
associated genes points to the possibility that the
pathogenesis of M. bovis BCG is induced in response to
peracetic acid treatment. Similar results showing the
upregulation of virulence have been reported in Pseudo-
monas aeruginosa and S. aureus treated with different
antimicrobials (Chang et al. 2006a, b; Jang et al. 2008).

The catalase-peroxidase-peroxynitritase T (katG) gene
was also upregulated after both treatment times. KatG is a
hallmark anti-oxidative stress enzyme produced in pathogenic
mycobacteria against reactive oxygen metabolites (Heym et
al. 1993; Milano et al. 2001; Sherman et al. 1995). KatG is
also implicated as a virulence factor of M. tuberculosis based
on both guinea pig and mouse models (Li et al. 1998;
Wilson et al. 1995). Iron regulation and oxidative stress are
intricately connected (Milano et al. 2001; Zheng and Storz
2000), with iron mediating the detrimental cytotoxic effects
of reactive oxygen species (Zheng and Storz 2000) and also
functioning as an essential cofactor of enzymes (Ernst et al.
2005). The upregulation of both iron acquisition/virulence
and oxidative stress response genes in this study suggests
that these processes are all involved in the adaptive response
of M. bovis BCG to peracetic acid treatment.

BCG 1255 (PE13) and BCG 3040c (PPE46) which
belong to the PE/PPE families of genes were upregulated
after both 10 and 20 min of peracetic acid exposure. The
PE/PPE families of genes constitute approximately 10% of
the genome of M. tuberculosis (Tundup et al. 2006; Voskuil
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Fig. 5 A heat map illustrating
the changes in gene expression
in control and experimental
samples of M. bovis BCG
treated with sodium hypochlo-
rite, hydrogen peroxide, and
peracetic acid. Lanes 1, 2, and 3
represent the control samples for
experiments with sodium
hypochlorite, hydrogen
peroxide, and peracetic acid
respectively as treatments.
Lanes 3, 4, and 5 represent the
experimental samples after

10 min of exposure to 2.5 mM
sodium hypochlorite, 0.5 mM
hydrogen peroxide, and 0.1 mM
peracetic acid, respectively.
Upregulated genes are shown in
red while downregulated genes
are shown in green

et al. 2004) and are suggested to be cell wall proteins that
could provide a diverse antigenic profile and affect
immunity (Voskuil et al. 2004). Studies have shown that
proteins belonging to these families may contribute to
immunity if included in a tuberculosis vaccine (Chaitra et
al. 2008; Tundup et al. 2008). A recent study also indicated
that PPE proteins may play a role in the transport of
antimicrobials across the M. bovis BCG outer membrane
(Danilchanka et al. 2008). These results suggest that in
addition to the already reported functions for the PE/PPE
genes of mycobacteria, they may also play a role in the
response to oxidative damage.

Group II: genes upregulated only upon 10 min of exposure
to peracetic acid

Group II of Table 2 indicates the two genes of interest in this
group: BCG 3156¢ (devR) and BCG 3155¢ (devS). The
devR—devS genes code for a response regulator, DevR and a
histidine sensor kinase, DevS, respectively, that manifest
phosphorylation characteristics typical of two-component
signal transduction systems (Saini et al. 2004). The DevR—
DevS system regulates the genetic response of M. tuberculosis
to hypoxia and nitric oxide exposure (Bagchi et al. 2005),

@ Springer

lic acid (Defaull Interpretation)

both conditions which are likely to prevail during latent
tuberculosis infections (Nathan and Shiloh 2000; Wayne and
Sohaskey 2001). The expression of devR—devS 1is also
upregulated in M. bovis BCG grown in low oxygen environ-
ments (Boon et al. 2001). Additionally, devR has been
implicated in M. tuberculosis virulence in a guinea pig model,
suggesting that it plays a critical and regulatory role in the
adaptation and survival of M. fuberculosis within host tissues
(Bagchi et al. 2005). Considering that M. bovis BCG in this
study was grown under aerobic conditions, the upregulation
of the devR—devS system may occur in response to the
effects of oxidative stress due to the generation of reactive
oxygen species from peracetic acid treatment. Therefore,
the upregulation of the devR—devS signal transduction
system after 10 min with a return to normal transcription
levels after 20 min suggests that it may play a role in the
early protective response of M. bovis BCG to peracetic
acid-induced oxidative stress.

Group III: genes downregulated only upon 10 min
of exposure to peracetic acid

The gIbN gene (BCG 1594c) was downregulated after
10 min but returned to normal transcription levels after
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P value

Fold

P value

Fold

change®

change®

narK3
Virulence-regulating transcriptional regulator virS

Transcription

virS

0.0035 -2.05 0.0035

—2.54

BCG 3107¢

MBOV0704S00003084_at

(araC/xylS family)
Putative metal cation transporter P-type atpase G ctpG

Inorganic ion transport and metabolism

ctpG

0.000331
0.00683

-2.05
—2.08
-2.01

0.000331

0.00683

-2.19
-2.07
—2.03

BCG_2009¢

MBOV0704S00001993 _at

BCG 1685

MBOV0704S00001671 _at

PE17

PE family protein

BCG_1676

MBOV0704S00001662_at

DNA replication, recombination, and

uvrA

0.000509  Excinuclease ABC, subunit a uvrA

0.000509

repair

Nucleotide transport and metabolism

nrdF2

Ribonucleoside-diphosphate reductase subunit beta

BCG_3072¢ -2.15 0.00128 -2.16 0.00128

MBOV0704S00003049_at

nrdF2

? The microarray results are the mean of three replicates of each gene

° The fold change is a positive number when the expression level in the experiment increased compared to the control and is a negative number when the expression level in the experiment decreased compared

to the control

20 min (Table 2). This gene encodes a truncated hemoglo-
bin, designated trHbN whose sequence is identical in both
M. tuberculosis and M. bovis (Wittenberg et al. 2002).
Previous studies have suggested that trHbN plays a role in
the detoxification of reactive nitric oxide generated by
activated macrophages during physiological studies of M.
bovis BCG and also during M. tuberculosis infections
(Couture et al. 1999; Pawaria et al. 2008).

A second downregulated gene in this group was the apa
gene which encodes an alanine- and proline-rich secreted
protein (Table 2). The Apa molecules secreted by M. bovis
BCG function as major immunodominant antigens (Horn et
al. 1999). The addition of a poxvirus recombinant boost
expressing an Apa protein of M. tuberculosis to a DNA
vaccine led to a significant reduction of mycobacterial
counts in the spleens of immunized guinea pigs comparable
to the reduction obtained by the BCG vaccine (Kumar et al.
2003).

Another downregulated gene in this group was
BCG 1249 (rocA) (Table 2). The rocA gene has been
proposed to play a role in the adaptation of Mycobacterium
avium subsp. paratuberculosis to its niche and the
utilization of carbon sources within (Hughes et al. 2007).

Group IV: genes upregulated only upon 20 min of exposure
to peracetic acid

In this group, BCG 2180c which encodes a putative
penicillin-binding membrane protein PbpB was upregulated
after 20 min of exposure to peracetic acid (Table 2). Penicillin-
binding proteins are serine acyl transferases involved in the
final stages of peptidoglycan synthesis and contribute to cell
wall expansion, cell shape maintenance, septum formation,
and cell division (Goffin and Ghuysen 2002; Popham and
Young 2003). A recent study reported that the remodeling of
the peptidoglycan network of M. tuberculosis may be
involved in the adaptive response to the treatment of
tuberculosis infections with a combination of antibiotics
(Lavollay et al. 2008). In addition, another study reported
a possible connection between peptidoglycan biosynthesis
and oxidative stress defense in Streptococcus thermophilus
(Thibessard et al. 2002). In the aforementioned study, the
pbp2 gene (which is reported to be implicated in
peptidoglycan biosynthesis during the process of cell
elongation) is shown to be involved in the response to
hydrogen peroxide-induced oxidative stress.

A second upregulated gene in this group was
BCG_2802c which encodes a putative lipoprotein. Myco-
bacterial lipoproteins are usually cell surface-associated and
are important for the formation of the cell envelope and
sensing of and protection from environmental stress, and
they play a role in host pathogen reactions (Rezwan et al.
2007). In addition, lipoprotein metabolism has been
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established as a major virulence determinant for tuberculo-
sis (Sander et al. 2004).

The upregulation of these cell wall-associated genes in
response to peracetic acid treatment may be indicative of
cell wall modification as a protective strategy against
peracetic acid treatment. In addition, lipoprotein-
associated virulence further supports the results in group I
which indicate that virulence mechanisms in M. bovis BCG
may contribute to the adaptive response to peracetic acid
exposure.

Another gene of the PPE family BCG 2140 (PPE37)
was upregulated only upon 20 min of exposure to peracetic
acid (Table 2). Two genes belonging to the PE/PPE family
of genes were upregulated after both treatment times (see
group I). Currently, the functions of all PPE proteins are not
known. These results support the fact that these genes elicit
diversified metabolic functions.

Group V: genes downregulated only upon 20 min
of exposure to peracetic acid

The radA gene (BCG_3650) which is involved in DNA
repair was downregulated after 20 min (Table 2). The
transcription of the radA gene was upregulated in M.
tuberculosis grown in a simulated phagosomal environment
(Schnappinger et al. 2003). The expression of radA in M.
tuberculosis also increased following induced DNA dam-
age (Rand et al. 2003). These results suggest that peracetic
acid on M. bovis BCG may include the inhibition of some
DNA repair genes.

A second downregulated gene in this group was the lat
gene (BCG _3319c) which encodes a putative L-lysine-
epsilon aminotransferase. Expression of the LAT protein
was upregulated approximately 40-fold during the latent
phase of M. tuberculosis, suggesting that it plays a
significant role for survival (Tripathi and Ramachandran
2006). As such, the downregulation of the latA gene may
contribute to the peracetic acid-induced growth inhibition
observed in this study.

Group VI: genes downregulated after 10 and 20 min
of exposure to peracetic acid

The narK3 gene (BCG_0299c¢), which codes for a putative
integral membrane nitrite extrusion protein, was down-
regulated after both treatment times (Table 2). The
Escherichia coli narK gene is implicated in nitrate uptake
or nitrite excretion (DeMoss and Hsu 1991; Noji et al.
1989). The M. tuberculosis narK1 through narK3 and narU
are homologous to the E. coli narK and narU (Cole et al.
1998). In M. tuberculosis, nitrite production is upregulated
during anaerobic conditions, and the transcription of the
nitrite transport gene, narK2, is also upregulated (Sohaskey

and Wayne 2003). However, in M. bovis, only low levels of
nitrite were produced, and this was not induced by hypoxia
(Sohaskey and Wayne 2003). The downregulation of narK3
gene in this study suggests that when M. bovis BCG is
subjected to oxidative stress, anaerobic metabolism where
nitrate is used as a terminal electron acceptor and is
converted to nitrite is not favored.

Another downregulated gene in this group was
BCG _3107c, virS. The virS gene encodes a transcriptional
regulator which belongs to the AraC family and is involved
in the regulation of pathogenesis of M. tuberculosis (Gupta
et al. 1999; Gupta and Tyagi 1993). In a recent study, the
virulence regulator virS was upregulated during the
reactivation phase of tuberculosis and was suggested to be
one of the master regulators in the reactivation of
tuberculosis (Talaat et al. 2007). The downregulation of
virS after both 10 and 20 min contrasts the results obtained
in group I which support the upregulation of virulence in
response to peracetic acid treatment. This suggests that the
virulence genes of M. bovis BCG may elicit different
metabolic roles, thus are differentially affected by peracetic
acid treatment.

A third downregulated gene in this group was c#pG,
which encodes a putative metal cation-transporting P-type
ATPase. In a previous study, ctpG appeared to be induced
by low iron and it was theorized that czpG may transport
iron (De Voss et al. 2000). The downregulation of c#pG in
this study, therefore, supports the results in group 1 that
indicate that peracetic acid treatment may elicit the
regulation of intracellular iron levels to ensure growth and
survival but also to combat the effect of oxidant-induced
damage.

BCG_1685 (PE 17) which belongs to the PE/PPE family
of genes was downregulated after both 10 and 20 min of
exposure to peracetic acid. This further showed that the PE/
PPE families of genes elicit diversified metabolic functions.

The uvrA gene (BCG_1676) was downregulated ap-
proximately 2-fold after both treatment times. UvrA is
critical to the nucleotide excision repair (NER) process
which is used by cells to repair a wide range of DNA
lesions (Croteau et al. 2006). During the NER process,
UvrA initially recognizes distortions caused by damage in
DNA and then transfers the damaged DNA to UvrB which
makes a more detailed evaluation of the nature of damage
(Croteau et al. 2006, 2008; Zou et al. 1998). The down-
regulation of the uwvrA gene after both treatment times
suggests that peracetic acid may affect DNA damage/repair
systems in M. bovis BCG. The downregulation of nrdF2
gene (BCG_3072c) further supports this theory. The nrdF2
encodes the ribonucleoside-diphosphate reductase subunit
beta. Ribonucleotide reductases are critical to all living cells
because they provide deoxyribonucleotides for DNA
synthesis and repair (Mowa et al. 2009). In addition, both
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uvrA and nrdF2 are directly regulated by the RecA-NDp
promoter. In contrast to these results, #vrA has been shown
to be induced in M. tuberculosis treated with mitomycin
which is a DNA damaging agent (Brooks et al. 2001).
The discussion from this point on focuses on the comparison
of the M. bovis BCG response to the oxidative disinfectants,
peracetic acid, hydrogen peroxide, and sodium hypochlorite
and provides conclusions to the two sections of the study.

Discussion: comparisons among the toxicogenomic
responses of M. bovis BCG to sodium hypochlorite,
hydrogen peroxide, and peracetic acid

Table 3 contains the genes found in the seven regions of the
Venn diagram (Fig. 4). However, in this discussion, we
have focused on the genes in the intersecting regions
among the three disinfectants (regions 4, 5, and 6) since our
prior publications (Jang et al. 2009a, b) and part of the
current study have described in detail the toxicogenomic
responses of M. bovis BCG to sodium hypochlorite,
hydrogen peroxide, and peracetic acid.

Region 4: genes up- and downregulated in common
between sodium hypochlorite and hydrogen peroxide

Five of the upregulated genes in this region were hypothetical
proteins and the sixth gene was an intergenic region with no
known function.

Region 5: genes up- and downregulated in common
between sodium hypochlorite and peracetic acid

The ctpF gene which encodes a putative metal cation
transporter P-type atpase A was the only gene with a known
function in this region. Interestingly, in another study, the
ctpF gene was upregulated in M. tuberculosis in response to
exposure to reactive nitrogen intermediates (Ohno et al.
2003). Further, the ctpF gene was upregulated in M.
tuberculosis in response to growth in a hypoxic environment
(Sherman et al. 2001).

Region 6: genes up- and downregulated in common
between peracetic acid and hydrogen peroxide

The three upregulated genes in this region were the katG
gene which encodes a catalase-peroxidase-peroxynitritase T
enzyme and the mbtD and mbtl genes which encode
polyketide synthases involved in the biosynthesis of myco-
bactins. As earlier mentioned, kafG is an anti-oxidative stress
enzyme produced in mycobacteria to counteract the effects
of reactive oxygen intermediates. Mycobactins are salicylic
acid-derived siderophores, important in mycobacterial
iron acquisition/virulence. These results further empha-

@ Springer

size the intricate connection between iron regulation and
oxidative stress response in M. bovis BCG exposed to
both disinfectants.

Region 7: no genes were upregulated in common
between sodium hypochlorite, hydrogen peroxide,
and peracetic acid

In conclusion, the first section of this report suggests that the
regulation of arginine levels and virulence factors may play an
adaptive role against peracetic acid treatment in M. bovis
BCG. The results from this section also suggest that, in
addition to the upregulation of katG which plays a major role
in defense against oxidative damage, cell wall modification
due to upregulation of genes coding for cell wall compo-
nents after 20 min may also function as a protective strategy
against peracetic acid damage. The downregulation of DNA
repair genes after both 10 and 20 min indicates that the
inhibition of DNA repair may contribute to the mechanism
of action of peracetic acid. Further, the upregulation of the
devR—devS signal transduction system, which is a regulator
of the genetic response of M. tuberculosis in oxygen-
deficient environments after 10 min, indicates that this
system plays a role in the early adaptive response of M.
bovis BCG to peracetic acid-induced oxidative stress. In
summary, the complex interplay of the changes in these
metabolic processes may contribute to both the inhibitory
effect of peracetic acid on M. bovis BCG and the resistance
strategies utilized by M. bovis BCG against the effect of
peracetic acid treatment. This is the first report of the
genome-wide response of M. bovis BCG to peracetic acid
treatment and therefore advances the understanding of the
mode of peracetic acid in M. bovis BCG. The second section
of this study reports that iron acquisition/virulence is affected
in M. bovis BCG in response to hydrogen peroxide and
peracetic acid treatment. This comparative analysis also
determined that the c#pF gene was upregulated in response to
both peracetic acid and sodium hypochlorite treatment. This
comparative analysis helps in the identification of commonly
activated genes between these oxidative antimicrobials,
which further improves the understanding of their modes
of action in mycobacteria. The information generated in this
study will benefit other researchers studying the transcrip-
tomic response of mycobacteria to peracetic acid specifically
and to oxidative biocides in general.
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