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Summary
The high sequence identity among the Mycobacterium bovis and Mycobacterium tuberculosis
genomes contrasts with the physiological differences reported between these pathogens, suggesting
that variations in gene expression may be involved. In this study, microarray hybridization was used
to compare the total transcriptome of M. bovis and M. tuberculosis, during the exponential phase of
growth. Differential expression was detected in 258 genes, representing a 6% of the total genome.
Variable genes were grouped according to functional categories. The main variations were found in
genes encoding proteins involved in intermediary metabolism and respiration, cell wall processes,
and hypothetical proteins. It is noteworthy that, compared to M. tuberculosis, the expression of a
higher number of transcriptional regulators were detected in M. bovis. Likewise, in M.
tuberculosis we found a higher expression of the PE/PPE genes, some of which code for cell wall
related proteins. Also, in both pathogens we detected the expression of a number of genes not
annotated in the M. tuberculosis H37Rv or M. bovis 2122 genomes, but annotated in the M.
tuberculosis CDC1551 genome.

Our results provide new evidence concerning differences in gene expression between both pathogens,
and confirm previous hypotheses inferred from genome comparisons and proteome analysis. This
study may shed some new light on our understanding of the mechanisms relating to differences in
gene expression and pathogenicity in mycobacteria.
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Introduction
Mycobacterium bovis and Mycobacterium tuberculosis are closely related pathogens,
responsible for bovine and human tuberculosis, respectively. Bovine tuberculosis is enzootic
in most developing countries, causing great economic losses. Lately, this zoonosis has raised
in importance within the HIV infected population.1,2 The M. bovis and M. tuberculosis
genomes show 99.95% identity at the nucleotide level.3 However, distinct phenotypes,
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virulence and host tropism differentiate both pathogens.4 Indeed, M. bovis has shown increased
virulence upon infection in mice, rabbits, calves and guinea pigs.5,6 Moreover, it causes disease
in bovines, humans and a broad range of mammals. In comparison, man is the main natural
host of M. tuberculosis.1,4,7,8 The high genome sequence homology and the lack of species-
specific genes for M. bovis, suggest that distinctive mechanisms of gene expression might be
involved in determining the differences among these bacilli.3 Genome features such as
deletions, SNPs and hypervariable regions are important sources for polymorphism, but their
contribution needs to be correlated with gene expression studies in order to explain the
differences observed. Transcriptional analysis using microarrays has become a useful tool to
study whole-genome expression and to identify changes in gene expression in cells exposed
to different environmental conditions.9 Using this approach, diversity in gene expression has
recently been reported among clinical isolates of M. tuberculosis.10

In this work, we used microarray hybridization to compare the total in vitro transcriptome of
M. bovis and M. tuberculosis H37Rv. Our aim was to get a global view on the differences of
gene expression among these pathogens as a mean to identify the genetic basis for their distinct
phenotypes.

Materials and methods
Bacterial strains and culture conditions

The M. tuberculosis H37Rv (ATCC 27294) and M. bovis Ravenel (TMC 401) strains were
used throughout and all cultures were grown under the same conditions. Bacteria were grown
in 7H9 broth supplemented with 10% ADS (0.5% bovine serum albumin, fraction V, 0.2%
glucose and 0.085% NaCl) and 0.05% Tween 80. For M. tuberculosis, 0.2% glycerol was also
added to the media, while for M. bovis the media was supplemented with 0.4% sodium
pyruvate. Liquid cultures were maintained at 37°C in plastic bottles in a roller apparatus and
optical density (OD540) was registered daily to measure growth.

Isolation of bacterial RNA
To minimize variations in gene expression analysis, all cultures were collected at the same
growth phase. To prepare bacterial RNA, procedures previously published were followed.11,
12 Bacterial cell pellets were recovered from 30 ml of exponential phase culture (OD540
∼0.25) by 3 min centrifugation and then quickly frozen on dry ice. Frozen pellets were then
resuspended in 1 ml of TRI reagent (Molecular Research Center) and immediately transferred
to a 2 ml screw cap microcentrifuge tube containing zirconia beads (0.1mm diameter). Samples
were disrupted in a Mini-BeadBeater (BioSpec Products), and the RNA was extracted
according to the TRI manufacturer's instructions. To remove residual DNA, samples were
treated with Turbo™ DNAse (Ambion) and cleaned up using RNeasy columns (Qiagen). The
integrity of all RNA samples was checked by non-denaturing agarose gel electrophoresis, with
RNA concentration quantified by spectrophotometry. RNA samples were kept at −80°C until
further use.

DNA microarray analysis
The M. tuberculosis microarray chips used in these assays were printed at the Center for
Applied Genomics at the Public Health Research Institute. This array consists of 4,295 70-mer
oligonucleotides representing 3,924 predicted open reading frames of the M. tuberculosis
H37Rv strain, 371 non-redundant probes designed to the M. tuberculosis CDC-1551 strain,
and 25 controls. Microarray analyses were performed according to previously described
protocols 13 with modifications.14 cDNA was synthesized and fluorescently labeled by a direct
procedure. Two micrograms of total RNA extracted from either M. tuberculosis or M. bovis
was reverse transcribed in a reaction mix with a final concentration of 0.17 ug/ul random
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hexamers, 0.96x first strand buffer, 9.6 mM DTT, 0.44 mM dATP, dCTP and dGTP, 0.02 mM
dTTP, 0.06mM Cyanine 3 or Cyanine 5 dUTP and 9.4 units Superscript II. The combination
of reaction mix and total RNA was incubated for 10 minutes at 25°C followed by 90 minutes
at 42°C. The labeled cDNA probes were then purified and concentrated using the MinElute
Cleanup kit (Qiagen). The total purified cDNA probe was added to the arrays in a hybridization
solution containing a final concentration of 0.5 ug/ul tRNA, 2.0x SSC, 0.25% formamide and
0.1% SDS. For each array, cDNA prepared from the M. tuberculosis RNA was mixed with
cDNA from M. bovis. The slides were covered by a flat 22 × 22 mm coverslip and hybridized
in sealed hybridization chambers for sixteen hours at 50°C in a water bath.

Microarray data analysis
Microarray slides were scanned using a GenePix 4000A scanner (Axon Instruments). Images
were processed and the fluorescent intensity of each spot was quantified using the GenePix
Pro 4.0 software. Four independent biological replicates were analyzed for each strain, and one
swap-dye experiment was included. Median intensity values were corrected by background
subtraction and negative corrected intensities were set to +1.15 Further analysis was performed
using GeneSpring 7.2 software (Silicon Genetics). Data was normalized using the locally
weighted linear regression (Lowess) method, to remove the fluorescence-intensity dependent,
dye-specific effect of low fluorescence intensity spots.16 20% of the data was used to calculate
the Lowess fit at each point. Cy5/Cy3 intensity ratios were determined using normalized values
and then log transformed. For each gene, the geometric mean was calculated from the intensity
ratios of the four replicates and the resulting value was used to determine differences in mRNA
abundance between both strains. Genes were classified as differentially expressed if they
fulfilled both of the following criteria: a minimum 3-fold regulation difference and a p-value
<0.05. Statistical significance of the chosen genes was verified by a t-test with the Benjamini
Hochberg false discovery rate correction method17 implemented in GeneSpring.

The data discussed in this publication have been deposited in NCBIs Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession
number GSE6889.

Reverse transcription and real time PCR
RT and PCR primers were designed with the Primer3 web software18 and purchased from IDT
(Coralville, IA). Primer sequences used in this study are provided in supplementary Table S1.
Reverse transcription was carried out at 60°C, using 100 ng of RNA, 0.3 μM antisense gene-
specific primers (including sigA control primer) and the RNA Transcriptor First Strand cDNA
Synthesis Kit (Roche), in a final volume of 20 μl, following the manufacturer's instructions.
Control reactions, lacking reverse transcriptase, were performed for every RNA sample. Real
time PCR reactions were accomplished using a LightCycler instrument (Roche), in a total
volume of 10 μl, using 2 μl of diluted cDNA, 0.3 μM gene-specific primers and the LightCycler
FastStart DNA Master SYBR Green I kit (Roche). After 10 min at 90°C, the PCR program
consisted in 40-45 cycles at 95°C for 6 s, 62°C for 8 s and 72°C for 8 s. Fluorescence was
measured at the end of the extension step. Reactions were run in triplicate for each gene and
the specificity of the PCR products was verified by gel electrophoresis and melting curve
analysis. For every PCR run, a standard curve was performed using serial dilutions of
chromosomal DNA and the corresponding gene-specific primer set. These standard curves
were used by the LightCycler software to calculate the initial amount of mRNA for each gene
tested in the different samples. In order to compare gene expression between M. bovis and
H37Rv strain, calculated values for each gene were normalized to the corresponding sample's
sigA mRNA value,19 and normalized values were used to calculate the M. bovis/M.
tuberculosis gene ratio.11 Ratios from 3 biological replicates were then averaged to give a final
fold difference value.
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Results and Discussion
Several lines of evidence have supported the fact that although slight differences are found in
the genome sequence of M. tuberculosis and M. bovis, the physiology and host range spectrum
is different. Variations in transcript abundance, even minor changes, may cause distinctive
adaptive responses to changes in environmental conditions. To identify differences in the
pattern of gene expression among M. tuberculosis and M. bovis, we used here a chip with all
annotated M. tuberculosis genes. The comparative transcriptome profile was determined for
both strains, grown to mid-exponential phase.

The results show that out of 4,295 genes that were represented on the chip, 6 % were
differentially expressed. Of these genes, 95 exhibited higher expression in M. bovis compared
to M. tuberculosis, while 163 genes were more highly expressed in M. tuberculosis compared
to M. bovis. The list of differentially regulated genes in M. bovis and M. tuberculosis are shown
in Table 1 and Table 2, respectively. The difference in transcript abundance for some of the
selected genes was further confirmed by RT-qPCR (Table 3). Variations in transcript
abundance were higher in RT-qPCR compared to microarray results, but followed the same
pattern. Similar results have been observed in previous reports.20,21

Differentially regulated genes were grouped according to functional categories as described in
TubercuList and BoviList (Table 4). The highest difference in gene expression was found in
genes related to general metabolism, insertion sequences, hypothetical proteins and cell wall
proteins. A significant proportion of genes coding for proteins associated with metabolic
processes were identified for both pathogens. Using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) 22 to search for metabolic pathways assigned to these genes, we found that
some of the differences observed within this category corresponded to genes encoding proteins
related to amino acid, steroid and sugar metabolism. With the aim of support successful growth,
the culture media was supplemented with different carbon sources. Keeping in consideration
that this may have an effect on the expression of some genes, we particularly looked for
variations on genes that are likely to be affected, such as the key glycolytic enzymes glpK,
pykA and pdhA. Our results showed no significant differences using the 3-fold cut-off. On the
other hand, Tween 80 was also added to both culture media. This oleic acid ester can be used
as a carbon source in vitro by mycobacteria, and it has also been shown that fatty acids are the
primary carbon source in vivo. 23 Therefore, taking together this data, we consider that although
different carbon sources may influence gene expression to some extent, the results presented
in this paper are representative of the in vitro differences on gene expression between M.
bovis and M. tuberculosis.

Interestingly, 20 % of the differentially expressed genes code for hypothetical proteins in M.
bovis compared to 13.5% in M. tuberculosis. These results point to the need of assigning a
function to these proteins, as they may be involved in determining the physiological differences
described for both bacilli.

Within the category of cell wall proteins, 18 genes of the PE/PPE family were found to be
higher expressed in M. tuberculosis compared to three genes identified in M. bovis. These genes
code for surface exposed proteins involved in host-pathogen interactions.24-26 In addition, six
ESAT6-like genes showed higher expression in M. tuberculosis whereas, in M. bovis, no
increased expression of ESAT-6 genes was detected. Similar results were obtained in a previous
report on proteome analysis that showed a differential pattern of expression for Rv2346c (esxO)
and Rv3620c (esxW) between M. bovis (BCG) and M. tuberculosis.27 The ESAT6-like
proteins have been a focus of attention as they are highly immunogenic, secreted proteins
capable of inducing a strong T cell response in the host.28,29 The observed polymorphism in
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the expression pattern of genes encoding cell wall and secreted proteins correlates with the
variation in their sequences and could be an important source of antigenic diversity.

The major difference in the secretome of both bacilli is the elevated expression in M. bovis of
the two serodominant antigens MPB70 and MPB83.30 Behr and colleagues have recently
reported that in both bacilli the mpb70/mpb83 genes are under the positive control of sigK.
Lately, a mutation in the gene encoding anti-SigK has been shown to be responsible for the
high level of expression of MPB70/MPB83 in M. bovis.31,32 Accordingly, in our array
analysis mpb70 showed the highest fold difference value. In addition, a higher expression was
also found in M. bovis for the gene mpb83 and the neighboring genes dipZ and Mb2901. The
orthologous genes in M. tuberculosis have been described as part of a putative operon.33 Recent
data showed that these genes are members of the SigK-RskA regulon.32 Interestingly, although
the expression of mpb70 and mpb83 is low in M. tuberculosis, it greatly increases upon
macrophage infection,32,34 suggesting an important in vivo function.

A distinctive pattern of expression was also observed for the genes encoding for the phosphate-
specific transport (Pst) system. This system comprises a periplasmic phosphate-binding protein
(PstS), two transmembrane channel-forming proteins (PstA and PstC) and a cytoplasmic ATP
binding protein (PstB) that probably interacts with PstA-PstC. The cluster of genes encoding
for these proteins is formed by three putative operons: pstS3/pstC2/pstA1, pstS2/pknD and
pstB/pstS1/pstC1/pstA2.35,36 Interestingly, we observed a higher expression of the pstS1/
pstC1/pstA2 operon in M. tuberculosis, whereas the pstS3/pstC2/pstA1 genes were increased
in M. bovis. Another gene highly expressed in M. tuberculosis, pknD, is a pseudogene in M.
bovis, thought to be involved in phosphate transport regulation.37 Thus, these results suggest
the use of different mechanisms controlling the transport of phosphate in each bacteria.

The family of genes involved in lipid metabolism and cell wall composition are of particular
relevance as their proteins have been related to M. tuberculosis pathogenesis. In M. bovis, a
higher expression was found for fadD26 and the ppsA-D genes, which codes for fatty-acid-
coA ligase and polyketide synthases, respectively. These enzymes are involved in phtiocerol
dimycocerosate (PDIM) and phenolphtiocerol glycolipids (PGLs) biosynthesis.38,39 PGLs
are not produced by most strains of M. tuberculosis, includin H37Rv and CDC1551 strains,
due to a frameshift mutation in the pks1 gene.40 Noteworthy, some strains of M.
tuberculosis that produce PGLs display a hypervirulent phenotype,41,42 thus, supporting the
role of these lipids in mycobacteria pathogenesis. Moreover, fadD26 and ppsA-E genes have
been associated with virulence by signature-tagged transposon mutagenesis and bioinformatics
analyses.43,44 We also detected an increased expression in M. tuberculosis of two clusters of
genes with similar organization: pks4/papA3/mmpL10 and mmpL8/papA1/pks2. The pks2 and
mmpL8 genes codes for a polyketide synthase and a lipid transporter, respectively. Both genes
are required for the biosynthesis and transport of SL-1, a sulfolipid found exclusively in M.
tuberculosis and thought to be implicated in host-pathogen interactions.45,46

Special attention was given to transcriptional regulators as they play a crucial role in the
survival of the mycobacteria. Within this group, we observed higher expression for the M.
tuberculosis Rv2160c and Rv0232 genes, which code for putative transcriptional regulators of
the TetR/AcrR-family. In contrast, seven transcriptional regulatory genes were differentially
expressed in M. bovis. Among these, whiB6 exhibited the highest degree of difference (30.5-
fold). This gene is markedly up-regulated in M. tuberculosis cultured under SDS, ethanol, heat-
shock or oxidative stress conditions.47 Due to the high expression observed for whiB6 and
keeping in mind that minor changes in the expression of transcriptional regulators may cause
significant changes to the phenotype, we searched for the other members of the whiB family.
The data showed that in M. bovis, whiB3 and whiB4 expression were close to the cut-off level
(2.7 and 2.8 fold difference, respectively). Whereas, in M. tuberculosis, a similar result was
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observed for whiB1 (2.6 fold difference). These results support the view that differential gene
regulation might contribute to the physiological differences observed between these pathogens.

The presence of several deletions in one genome relative to the others have been proposed as
key features for evolution in members of the M. tuberculosis complex.4,48 We detected the
expression of 31 genes annotated in the RD 4, 5, 6, 7, 8, 9, 10, 11 and 13 regions, present in
M. tuberculosis but deleted in the M. bovis genome. These groups of genes include potential
candidates for virulence factors and phenotype variation such as phospholipase C, prophages,
ESAT-6 and PE family of proteins. In comparison, the expression of five genes in the RvD
regions 1, 2 and 5, were detected in M. bovis. These genes code for a trans-membrane
transporter protein, two hypothetical proteins, a molybdenum cofactor biosynthesis protein and
a putative transcriptional regulator. Further research is needed to assess the role of the deleted
regions in the physiology of the pathogen. So far, only two deletions have been attributed
function across the M. tuberculosis complex; RD1 plays a key role in the attenuation of BCG,
49 while Wilkinson and colleagues recently described loss of RD750 as being involved in host
interaction of the EAI clade of M. tuberculosis.50

An unexpected result was the finding of expression for some genes annotated in the M.
tuberculosis CDC1551 genome whose annotation was missing from the M. bovis or M.
tuberculosis H37Rv genomes. These genes hybridized to a set of probes designed for CDC1551
open reading frames. BLAST analysis of the probes sequences showed no significant identity
with the annotated coding sequences of M. bovis and M. tuberculosis H37Rv genomes. Similar
results were previously found at the proteome level by analysis of H37Rv supernatant proteins.
27 One of the identified genes with higher expression in M. bovis is MT2941. This gene is
located between mpb83 and dipZ, which suggest it might be co-transcribed as part of the
mpb83/Mb2901 region. A previous report has shown that when comparing CDC1551 and
H37Rv strain, important differences where found in gene prediction due to sequence
polymorphism.51 In this respect, we detected a high expression in M. bovis of MT1812, a gene
absent in M. tuberculosis H37Rv and non-predicted in M. bovis 2122. Although the genes
detected in our study were not included in the re-annotation of the M. tuberculosis H37Rv
genome,52 the data presented here suggests that gene prediction approaches used in the
annotation of the M. tuberculosis H37Rv and M. bovis 2122 genomes have overlooked some
coding sequences and hence, their annotation needs to be updated.

A 15 % variation in gene expression among M. tuberculosis clinical isolates10 has been
previously reported. Due to differences in the experimental approach, it is not feasible to
directly compare that report with our data. However, a similar tendency in the distribution
pattern of differentially expressed genes can be depicted across functional categories.

The transcriptional analysis presented in this work showed a good correlation with previously
reported differences at the proteome level and with differences predicted by comparative
genomics, which supports the validity of our study. Mutational studies will help to understand
the particular contribution of variable genes in the mechanisms underlying the differences
between both pathogens.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Table 3
Validation of microarray results by RT-qPCR

CDS Gene Fold differencea
M. bovis/M. tuberculosis

Mb0606 mce2C 16.2
Mb0607 mce2D 23
Mb2898 mpb83 38.8
Mb2900 mpb70 166.9
Mb2955 fadD26 3.4
Mb2956 ppsA 7.1
Mb2957 ppsB 3.6
Mb2958 ppsC 22
Mb2959 ppsD 28.6
Mb3358 embR2 173.3b
Mb3450 WhiB3 4.5
Mb3706c WhiB4 3.1
Mb3892c WhiB6 77.4

a
Fold differences are averaged ratios from 3 biological replicates. Each ratio was calculated between the numbers of cDNA copies for each gene in both

strains, normalized to sigA.

b
The embR2 gene is not present in the M. tuberculosis H37Rv genome, therefore, the value represent the absolute number of cDNA copies detected in

M. bovis.
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Table 4
Distribution of differentially expressed genes according to functional categories

Functional categorya M. bovis M. tuberculosis
n % n %

Cell wall and cell processes 17 17.9 31 19
Conserved hypotheticals 19 20 22 13.5
Conserved hypotheticals with an orthologue in M. bovis/M.
tuberculosis

4 4.2 2 1.2

Information pathways 1 1.1 - -
Insertion seqs and phages 2 2.1 33 20.2
Intermediary metabolism and respiration 22 23.2 30 18.4
Lipid metabolism 10 10.5 8 4.9
PE/PPE 3 3.2 18 11
Regulatory proteins 7 7.4 3 1.8
Unknown - - 3 1.8
Virulence, detoxification, adaptation 3 3.2 3 1.8
Hypothetical proteins CDC1551b 7 7.4 10 6.1

Total 95 100 163 100

a
Genes were grouped according to functional classifications as annotated in TubercuList.

b
ORFs annotated in the M. tuberculosis CDC1551 genome.
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