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ABSTRACT 

Comparative Proteomic Profiling of Mycobacterium bovis and 

BCG Vaccine Strains 

Gao Ge 

BCG is the only licensed human vaccine currently available against TB. Derived 

from a virulent strain of M. bovis, the vaccine was thought to have struck a 

balance between reduced virulence and preserved immunogenicity. Nowadays, 

BCG vaccine strains used in different countries and vaccination programs show 

clear variations in their genomes and immune protective properties. The aim of 

this study was to characterize the proteomic profile on Mycobacterium bovis and 

five BCG strains Pasteur, Tokyo, Danish, Phipps and Birkhaug by Tandem Mass 

Tag®  (TMT® )-labeling quantitative proteomic approach. In total, 420 proteins 

were identified and 377 of them were quantitated for their relative abundance. 

We reported the number and relationship of differential expressed proteins in 

BCG strains compared to M. bovis and investigated their functions by 

bioinformatics analysis. Several interesting up-regulated and down-regulated 

protein targets were found. The identified proteins and their quantitative 

expression profiles provide a basis for further understanding of the cellular 

biology of M. bovis and BCG vaccine strains, and hopefully would assist in the 

design of better anti-TB vaccine and drugs. 
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Chapter 1 Background 

1.1 Mycobacteria 

Mycobacteria are ubiquitous in our lives, more than 120 species have been 

identified in the Mycobacterium  genus from various environments1. Among 

them, the members of Mycobacterium tuberculosis complex (MTBC) are the most 

infectious ones. They include Mycobacterium tuberculosis (Mtb), Mycobacterium 

bovis, Mycobacterium bovis BCG, Mycobacterium africannum, Mycobacterium 

microti, and Mycobacterium canetti, etc. Apart from tuberculosis, mycobacteria 

can also cause other diseases, such as leprosy and Buruli ulcer. Mycobacterium 

tuberculosis (Mtb), also known as “tubercle bacillus”, is the major causative agent 

of tuberculosis disease on human. First characterized by German physician 

Robert Koch in 1905, it is a small, aerobic, rod-like bacterium. The first complete 

mycobacterial genome, which comprises around 4.4 million base pairs and 3966 

genes with a high GC content of 65.6%, is sequenced on Mycobacterium 

tuberculosis H37Rv strain in 19982 and re-annotated by Camus’s group in 20023.  

 It is difficult to categorize mycobacteria into Gram-positive or Gram-negative 

groups, since the typical Gram staining methods give ambiguous results when 

performed. Based on phylogenetic studies, they are considered Gram-positive. 

However, mycobacteria have a unique outer membrane which is more similar to 

that of Gram-negative (seen in Figure 1). It consists of a thick long-chain (C60-C90) 

mycolic acid layer covalently linked to the peptidoglycan layer through 

arabinogalactan. Also referred to as mycomembrane, this outer membrane 

contributes to the unique low permeability of the mycobacterial cell envelope4. A 

lot of proteins could anchor or adhere to the cell membrane. When pathogenic 
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mycobacteria invade their host cells, the surface proteins play vital roles in the 

pathogen and host communication, and some of them are essential for the 

bacterial virulence.  Ziehl-Neelson staining technique for acid-fast bacillus is 

usually applied for the mycobacteria identification, as depicted in Figure 2 (A). 

 

Figure 1 Schematic representation of the cell envelope of Mycobacterium tuberculosis4. 

 

1.2 Tuberculosis 

Tuberculosis (TB) is still a puzzle not completely solved and a major public 

health concern that requires greater global efforts.  The early historic record of 

TB symptoms can be traced back to the Egyptian papyrus from early dynastic 

times. Recently, molecular technique has enabled the detection of MTBC DNAs in 

mummies dating from approximately 4,000 years ago5.  
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TB is a chronic disease that progresses very slowly and can remain undiagnosed 

for decades. Its treatment often requires extensive chemotherapy with multiple 

antibiotic drugs for long time. The standard first line anti-TB agents include   

isoniazid (INH), rifampin (RIF), ethambuto (EMB) and pyrazinamide (PZA). The 

most common form of TB in adults is the pulmonary TB, it has many clinical 

manifestations and can affect multiple organs6. Figure 2 illustrates Pulmonary TB 

in a patient who was sputum smear positive. 

 

Figure 2 Pulmonary TB in a patient who was sputum smear positive. (A) The most 

common way to diagnose TB is by microscopic analysis of sputum to visualize M. 

tuberculosis (B) A 3D reconstruction of a high-resolution tomography series of an 

individual with extensive TB disease6. 

Unfortunately, tuberculosis bacteria infected about one third of the world’s 

population. However, most of the infections remain asymptomatic and latent, 

with a 10% lifetime possibility to progress into active TB. When patient develops 

into active TB stage, the symptoms, such as fever, dry cough, night sweats, 

weight loss, etc., can be mild for months. Those who live with HIV, diabetes, 
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malnutrition, drug addiction or alcoholism have a much greater risk of 

developing into active TB due to the deficiency of the immune systems. 

The TB infection usually starts with the up-taking of mycobacteria by the 

alveolar macrophages in the lungs transmitted through aerosol droplets. There, 

the pathogen and the host have developed a co-evolution strategy which allows 

Mtb to survive inside the macrophage for long periods of time. The host’s 

immune response, however, can release cytokine or chemokine to activate 

macrophages and recruit other immune cells nearby, mostly lymphocytes, to 

form granulomas, the characteristic structure of TB. 

Although curable if detected early and treated promptly, TB is still the second 

highest cause of infectious deaths after AIDS/HIV. For every minute, there are 

about three people died from TB. According to WHO TB report for the year 2011, 

there are estimated 8.7 million people fell ill with TB and 1.4 million died from it. 

TB still occurs in every country, but over 80% of the new cases are reported in 

22 high-burden countries7. 

About 95% of the TB deaths happened in developing countries, especially in low 

and middle-low income ones. Since the WHO declared TB to be a “global health 

emergency” twenty years ago, TB pandemic has been a rising concern. A number 

of ambitious TB elimination plans have been set up to fight against this old killer. 

Established in 2000, the Stop TB Partnership promotes the broad collaboration 

from a variety of government and non-government organizations to halt and 

reverse the TB epidemic and halve the death rate by 2015, and ultimately 

eliminate the disease by the year 20508. Some impressive achievements have 
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been made so far; TB incidence rate has been falling since its peak in 2004, and 

the mortality rate has decreased significantly by 41% compared to 19908. 

Nowadays, several new challenges continue to arise on the TB battlefield. The 

destructive co-infection of TB and HIV epidemics, the increasing spread of multi-

drug resistant tuberculosis and the emergence of extensively drug resistant 

tuberculosis make the situation remains to be grave.  

1.3 Mycobacterium bovis BCG Vaccine 

Bacille Calmette-Guérin (BCG) is currently the only vaccine available for TB and 

also the most widely used vaccine in human history. It is estimated that over four 

billions people worldwide have been given BCG vaccines, with more than 100 

million doses of BCG administered each year9.  

The vaccine was invented by Calmette and Guérin at the Institut Pasteur de Lille, 

France. Between 1908 and 1921, they passaged a virulent strain of 

Mycobacterium bovis isolated from milk on glycerinated bile potato medium 230 

times, resulting in an attenuated form of strain with preserved immunogenicity 

called BCG. Since 1924, BCG cultures started to distribute to other parts of the 

world for local vaccine preparation. During the course of dissemination, each 

laboratory passaged its strain independently, maintained it in different 

conditions, and eventually developed its own daughter strain before the 

establishment of freeze-drying method in 1961, This turns BCG into a collection 

of heterogeneous sub-strains with variable degree of virulence and efficacy10,11. 

Today, there is still no conclusion about what is the best BCG strain and 

considerable variations amongst vaccine strains exist. Those different BCG sub-
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strains were stored in each country as seed lots for vaccine production. The most 

widely used strains are BCG Denmark, BCG Russia/Bulgaria, BCG Japan/Tokyo, 

BCG Connaught and BCG Pasteur, a few other local BCG sub-strains are used in 

vaccine production on a national level12. 

Today, the vaccination policies and practices for BCG still vary between 

countries, an open-access database, the BCG World Atlas 

(http://www.bcgatlas.org/), provides detailed information on the past and 

present BCG policies and practices in more than 180 countries13.    

 

Figure 3 BCG vaccine strains used between 2003 and 2007 worldwide. Boxes surround 

BCG vaccines strains that are most genetically similar. Box I includes BCG vaccine strains 

that were obtained from the Pasteur Institute before 1926. Boxes II are III are strains 

obtained at later dates12. 

Despite its global long history of application, much controversy arises about the 

efficacy of BCG vaccines. Clinical data has demonstrated that BCG can prevent 

childhood tuberculosis with an efficacy rate of over 80%; but when it comes to 

the most prevalent pulmonary TB in adults, the protection rate varies greatly 

http://www.bcgatlas.org/
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among individuals, ranging from 80% to no effect at all11. Moreover, the efficacy 

of BCG differs geographically; it shows that BCG immunization is more effective 

in temperate regions than tropical areas, where most TB high-burden countries 

are and the vaccine is most needed. Several hypotheses have been proposed to 

explain the huge variation, including the genetic background differences 

between populations, the environmental influences like sunlight and altitude, the 

prior exposure to environmental mycobacteria and the use of different BCG 

vaccines14,15.  Besides, some safety issues arise, cases of adverse reactions after 

the vaccination, such as bone and joint TB, generalized BCG infection and BCG 

osteomyelitis complication have been reported16.  

Nevertheless, BCG vaccines would undoubtedly continue to play a key role in 

immunization against TB.  An improved characterization of the BCG vaccine 

strains would help to ensure consistency of production in terms of genetic 

stability, and contributes in the forthcoming clinical trials17. 
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1.4 Recent genomic studies of Mycobacterium bovis and BCG strains 

 

With the advent of sequencing technology, molecular differences between the 

parent strain M. bovis and BCG strains began to be deciphered on a genomic 

Figure 4 Circular representation of the M. bovis genome. The scale is shown in megabases by 

the outer black circle. The outside two circles show forward and reverse strand CDS, with 

colors representing the functional classification. Comparisons with the M. tuberculosis H37Rv 

sequence are then shown, with transitions (yellow) and transversions (green), then insertions 

(red, 1 bp; black, 1 bp) and deletions (dark blue, 1 bp; light blue 1 bp); sequence replacements 

by novel regions in M. bovis are then shown (purple). IS elements and phage (cyan) are 

displayed in the following circle, with GC content and then finally GC bias (G-C)/(G-C) shown 

by using a 20-kb window20. 
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level18. Mahairas et al identified three distinct genomic regions of difference 

(RD1~RD3) between avirulent BCGs and virulent M.bovis19. Based on the 

presence or absence of RD2, various BCG strains are sub-classified into early or 

late strains. The genome of Mycobacterium bovis AF2122/97(Seen in Figure 4) 

was published in 200320. After that, the complete genome sequences for a few 

BCG vaccine strains were revealed, including, Mycobacterium bovis BCG Pasteur 

1173P221, Mycobacterium bovis BCG Tokyo 17222 and Mycobacterium bovis BCG 

Mexico 193123. Firgure 5 illustrates a refined genealogy of BCG strains according 

to their duplicated units (DU) and/or regions of difference (RD) markers.  

 

DU1 is specific to BCG Pasteur. DU2-I and DU2-II comprise the early BCG strains, 

Figure 5 Refined genealogy of BCG vaccines. The scheme shows the position of some genetic 

markers, some strain-specific deletions, and the distribution of vaccines into four groups21. 
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like BCGs Japan, Birkhaug, Russia, Sweden and Moreau, whereas DU2-III and 

DU2-IV are representative of the late strains, including BCG Danish, Glaxo, 

Prague, Phipps, Tice and Connaught21. Recently, Wen et al performed a 

comparative genomic analysis and showed BCG strains have higher RD rates 

than natural M.tuberculosis strains and lost several essential components such as 

T-cell epitopes to various degrees24.  
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Chapter 2 Introduction 

Proteins are central to almost all processes in living cells. However, compared to 

the understanding of their genomes, our knowledge of BCG proteomes and their 

functions is still fragmentary. Earlier studies using traditional two-dimensional 

gel electrophoresis (2-DE) methods have established the reference map of BCG 

proteome by profiling the protein products of the expressed genes. A study of 

BCG Copenhagen and Chicago strains looking for differences in protein 

composition resulted in identifications of several hundred proteins25. Other 

studies comparing the similarities and differences in BCG strains with regard to 

their cellular proteins26, culture filtrate27, or membrane proteins28 have also 

been described. A recent study using 2-DE and MS identification has provided 

evidence that BCG strains with similar genomic content exhibit phenotypic 

differences29. Currently, proteomics is developing rapidly from qualitative 

towards quantitative measurements. Quantitative proteomics can directly reflect 

the amount of proteins expressed, hence gives a more direct impression about 

the physiological state of the organism. It has been widely applied in various 

biological samples. To our best knowledge, a comprehensive quantitative 

analysis of proteomic profiling has not been performed on M. bovis and BCG 

strains so far. High-throughput quantitative proteomics is well suited for our 

aim, since it can provide more detailed information of the differences in 

expressed proteins across multiple strains. Therefore, we used Tandem Mass 

Tag®  (TMT® ) isobaric labeling strategy to conduct a quantitative proteomic 

profiling on BCG parent strain M. bovis and BCG vaccine strains, complementing 
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and adding to our corresponding genomic and transcriptomic study of BCG 

vaccine strains.  

In order to compare the early and late BCG strains with their parent strain M. 

bovis, we selected BCG Pasteur, Tokyo, Danish, Phipps and Birkhaug, 

representing the five classified groups DU1 and DU2 I~IV, and look for 

differentially expressed protein targets among those strains.  

 

Figure 6 A schematic of the experimental design (Reproduced from the instruction of 

TMTsixplex Isobaric Mass Tagging Reagents, Thermo Scientific) 

Figure 6 illustrates the experimental design for the present study. In brief, 

Mycobacterium bovis and the five BCG vaccine strains were first cultured. Each 

culture’s lysate was extracted and protein samples were denatured, reduced, 
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alkylated before digestion by trypsin enzyme. Same amount of each sample was 

labeled with different isotopic tags and combined for HPLC fractionation and LC-

MS/MS analysis. Because the masses of all of the tags are the same, identical 

peptides from different samples co-elute and are analyzed by MS. After the tags 

cleaved from peptide and the second round of MS, they are used to quantitate the 

relative peptide intensities from the labeled sample, while the peptide fragment 

ions are used for sequence assignment and protein identification. 
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Chapter 3 Experimental Procedure 

3.1 Cell culture and protein extraction 

Mycobacterium bovis and other five BCG strains Pasteur, BCG Tokyo, BCG Danish, 

BCG Phipps and BCG Birkhaug strains were obtained from Dr. Marcel Behr, 

Montreal, Canada and grown at Dr. Wilbert Bitter’s lab. They were inoculated 

from single colony at the same time in separate flasks with 7H9Middlebrook 

medium supplemented with 10% ADC (albumin dextrose catalase, BD 

Biosciences) and 0.05% Tween 80. The flasks were kept at 37°C for 8~10 days in 

an incubator with gentle agitation till reaching a cell density of ~ 2×108 cells/ml 

(OD600 ~ 1.0). The cells were harvested and washed in Phosphate Buffered Saline 

(PBS) with EDTA-free Protease Inhibitor Cocktail (Roche, Mannheim, Germany). 

Cells were then mixed with beads, heat killed at 80°C for 15 minutes and 

disrupted in a Mini-beadbeater (Biospec Products, Bartlesville, OK, USA) for 5 x 1 

minute (with 1 minute on ice in between). Unbroken cells were pelleted by 

centrifugation at 3,000 g for 10 minutes to generate a clarified whole cell lysate. 

The resulting supernatants containing proteins were collected, lyophilized and 

mailed back to KAUST. 

3.2 Sample preparation 

The lyophilized protein samples were dissolved in 8 M urea solution and 

quantified by 2D Quant Kit (GE healthcare, Milwaukee, WI, USA) using BSA as 

standard. Approximately 60μg of each protein sample lysate from M. bovis, BCG 

Pasteur, Japan, Danish, Phipps and Birkhaug were first reduced using 5mM 

tris(2-carboxyethyl)phosphine hydrochloride for 60 minutes at 37C. Then the 
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cysteine residues were alkylated with 10mM methylethane thiosulfonate for 20 

minutes at room temperature and diluted seven times with 50mM 

tetraethylammonium bromide prior to digestion. Enzymic cleavage of protein 

was carried out with trypsin (Promega, Madison, WI, USA; 1:50, w/w) at 37C for 

overnight. Lastly, Sep-Pak C18 columns (Waters, Milford, MA, USA) were used to 

desalt the digests.  

3.3 Tandem Mass Tags (TMT) labeling  

Purified digests of M. bovis, BCG Pasteur, Tokyo, Danish, Phipps and Birkhaug 

were labeled by the TMT 6-plex isobaric Label reagent set (Thermo Scientific, 

Rockford, IL, USA) according to the manufacture’s protocol. The samples were 

labeled in isotopes as follows: BCG Pasteur, 126; BCG Tokyo, 127; BCG Danish, 

128; BCG Phipps 129; and BCG Birkhaug, 130; M. bovis, 131. 

3.4 Fractionation of peptides 

In each experiment, the labeled samples were pooled and evaporated to dryness 

in a Speedvac. The sample was then reconstituted with buffer A (10 mM KH2PO4, 

pH 3.0, 25%, v/v, acetonitrile) before loading into a PolySULFOETHYL A™ 

column (PolyLC, Columbia, MD, USA) on a prominence HPLC system (Shimadzu, 

Kyoto, Japan) for strong cation exchange fractionation.  

The fractionation was performed as described30. The column was washed 

isocratically in 100% buffer A for 5 min. Peptide fractionation was done using a 

linear gradient of 5~30% buffer B (Buffer A with 350 mM KCl) for 40 minutes, 



26 
 

30~100% buffer B for 5 minutes, and finally 100% buffer B for five minutes, at a 

constant flow rate of 1 ml/min for one hour.  

The eluted fractions from the column were then collected at every one minute 

monitored by a UV detector set at 214 nm. According to their variations in the 

peak intensity, the consecutive fractions with low intensity were combined. In 

the end, a total of 16 fractions were pooled. Each fraction was reconstituted in 

0.1% TFA and desalted with Sep-Pak C18 cartridges. Desalted samples were dried 

by Speed vacuum and stored at -20°C before MS analysis. 

3.5 Mass Spectrometry (MS) scanning 

The samples were reconstituted in 20 μl 0.1% formic acid and 2% acetonitrile. 

For each run, 3 μl of each fraction sample was injected and analyzed on a linear 

trap quadrupole (LTQ)-Orbitrap (Velos, Thermo Electron, Germany), coupled to 

an Easy-nLC (Proxeon, Germany) system. An electrospray ion source first ionizes 

the peptides into vaporized charged ions. The ions are then accelerated and 

detected by an ion detector where their m/z ratios and numbers of are measured 

and recorded. The first MS scan at the range of 350–1600 m/z was acquired in 

the Orbitrap at a resolution of 30,000 (at 400m/z) in a profile mode. Precursor 

ion charge state screening was activated. The six most intense ions with multiple 

charges were selected for fragmentation by high energy collision-induced 

dissociation (HCD) in C-trap and collision-induced dissociation (CID) in LTQ. The 

fragment ions are analyzed at the second MS. The peak of signal intensity of 

reporter ions released from the tags are compared to quantitate the relative 

peptide amounts, while the m/z values from fragment ions are used for peptide 
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and protein identification. For each sample, we performed three MS/MS runs to 

get data from three technical replicates. 

3.6 Data processing 

Search engines like Mascot use the observed mass values of fragment ions from 

proteolytic peptides in spectra as input to search against predicted masses 

calculated by in silico digestion of protein sequence database with the same 

enzyme (e.g. trypsin) to see whether they would fall within the mass tolerance 

window. 

In MS data analysis, Proteome Discoverer 1.3 (Thermo Fisher Scientific) was first 

used to convert all MS RAW files to MASCOT generic files .mgf format. The 

reporter ions (m/z) with their intensities from the HCD mgf files were extracted 

with a mass tolerance of 10 mDa for peptide quantitation and inserted into the 

corresponding spectra in CID mgf files. The new mgf files were analyzed by 

MASCOT (Matrix Science, London, UK; version 2.4.0) software, which was set up 

to search against the reference M. bovis database (EMBL accession code 

Mbovis_AF2122_97, with 4274 entries) with digestion enzyme trypsin. For TMT-

labeled samples, Mascot was set a fragment ion mass tolerance of 0.50 Da and a 

parent ion tolerance of 10.0 PPM. Carbamidomethyl of cysteine and TMT-6plex 

of lysine and the n-terminus were specified in Mascot as fixed modifications. 

Oxidation of methionine was applied for variable modification. A Mascot Ion 

score is assigned to identify how well spectra match a peptide. The larger the 

score is, the better the match. A Mascot Ion score cut-off of 25 is set to filter the 

matches. A search against the target-decoy database (reversed or randomized 
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sequences generated from the target database) is also performed to estimate the 

false discovery rate (FDR). 

3.7 Peptide and protein identification  

After the Mascot search, a statistical validation is needed to estimate the error 

rate of the identified peptides and proteins.  

In this study, Scaffold (version Scaffold_4.0.5, Proteome Software Inc., Portland, 

OR) provided in Proteomic Core Lab was used to validate MS/MS based peptide 

and protein identifications. Peptide identifications were accepted if they could be 

established at greater than 95.0% probability by the Peptide Prophet algorithm31 

with Scaffold delta-mass correction. Protein identifications were considered 

valid if they are greater than 99.0% probability and contained at least one 

identified peptides. For each experiment, the list of identified proteins provided 

by the Scaffold 4 software was then exported into Excel for manual data 

interpretation. Decoy entries and natural contaminants were manually removed 

from the list. 

3.8 Protein quantification 

Scaffold Q+ (version 4.0.4, Proteome Software Inc., Portland, OR) was used to 

quantitate the peptide and protein identifications in each experiment. Protein 

probabilities were assigned by the Protein Prophet algorithm32. Isotope impurity 

was corrected according to the algorithm described in i-Tracker33. Acquired 

intensities in one experiment were globally normalized across all acquisition 

runs. Intensity of each peptide was normalized within the assigned protein. The 
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reference channels were normalized to produce a 1:1 fold change. All 

normalization calculations were performed using medians to multiplicatively 

normalize data. 
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Chapter 4 Results and Discussion 

4.1 Protein identification and quantification  

In total, 420 proteins are identified in three experimental replicates. The FDR is 

less than 1%, indicating a good reliability of our dataset. As expected, since the genome 

of M.bovis and five BCG sub-strains investigated here are highly similar (M. bovis 

shares 99.9% identity with various BCG strains), the majority of those proteins 

can be found in all of those six strains, though with variable expression levels. Of 

these, 88% (377 proteins) were commonly quantitated as fold change ratios in 

three replicates. 

 

Figure 7 shows the distribution of the relative quantitative fold change ratios (in 

log2 form) of the identified proteins compared to M. bovis. From the boxplots, we 

found that the protein expression levels in BCG Danish are the most variable, 

while they are relatively stable in BCG Phipps. 

Figure 7 Boxplot depicting the spread of the fold change ratios observed in six samples with 

M. bovis as the reference. 
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4.2 Experimental variations across three replicates 

To make sure the experiment has a good reproducibility, we first evaluated the 

experiment variations within three technical replicates. We plotted all the 

meaningful fold change ratios in log2 (missing values or 0 values excluded) to a 

scatterplot. Using the strain BCG Pasteur as an example, Figure 8 shows a 

consistent trend among three replicates. Then correlation coefficient r was 

calculated by Pearson’s method between any of the two replicates. The r values 

are 0.91, 0.92 and 0.93, respectively. Similar correlations were found in other 

four BCG strains. Together, the results indicate a good reproducibility of this 

experiment.  

 

Figure 8 Scatterplot of log 2 fold change ratio with pairwise correlation coefficients among 

three replicates in BCG Pasteur. 
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4.3 Correlation between mRNA and protein expression 

In compliment to the protein expression studies on BCG strains, we matched our 

quantitated protein expression values to their corresponding transcripts levels 

measured by whole transcriptome shotgun sequencing (RNA-Seq).1 Ranked 

based Spearman method was used to calculate their correlation coefficients rho 

(ρ), since they are more robust estimate that minimizes the biased effect by some 

extreme values. Figure 9 represents the correlation results between protein and 

mRNA levels.  

                                                           
1
 Data obtained from Dr. Abdallah Musa Abdallah for the BCG project in CBRC Pathogen Genomics 

Group. 
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In general, the correlations were modest for all five BCG strains, with slightly 

higher correlations found in BCG Pasteur and Birkhaug (0.27 and 0.22) and 

lower correlation in BCG Danish (0.14). To date, there hasn’t been an established 

pattern to correlate between mRNA and protein expression in Mycobacteria. 

Efforts to look for correlations between mRNA and protein expression levels are 

Figure 9 Global correlation between protein and RNA fold changes in BCG Pasteur, Tokyo, 

Danish, Phipps and Birkhaug.  Spearmen’s correlation coefficient values (rho) are presented for 

each BCG strain. The red lines depict the best fit of the linear regression.  
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made mostly in yeast34, E.coli35 and human cancer cells36,37. Studies looking at 

correlation between proteomes and transcriptomes across large datasets are 

typically limited.  

Biologically, there are many factors that could contribute to the relatively low 

correlations between protein and RNA levels, such as post-transcriptional mRNA 

mechanisms, the varying turnover and the different half-lives of proteins. 

Technically, the significant amount of experimental error and noise in our 

current high-throughput protein and mRNA quantification methods is a big 

obstacle of getting the true correlation38.  

However, we found some of the proteins are likely to be regulated at the 

transcriptional level, such as PPE52, MPB70 and hspX due to the consistent trend 

of change between their protein and RNA abundance in BCGs. We also observed 

a subset of proteins that exhibit discordant relationship with the mRNA 

expressions, for example, echA3, pepC, ndkA, sucD. This may happen because of 

negative feedback on the mRNA or the protein or the presence of other 

regulatory influences that are not currently understood. The other proteins, with 

no significant relationship found with mRNA levels, their expressions could be 

regulated by other mechanisms.  

4.4 Differentially expressed proteins 

To set up an optimal cutoff value to determine which proteins in BCGs are 

differentially expressed compared to M. bovis. Experimental variations across 

three technical replicates were assessed. Theoretically, the quantitative ratios of 

technical replicates for each protein should be equal, but this is impossible to 
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achieve in reality, due to variable labeling efficiency, pipetting error in the 

sample preparation and instrumental variations. In our study, of all the 

meaningful quantitative values, 95% proteins have a fold change value less than 

1.42 due to experimental variation (seen in Table 1). Therefore, a 1.5 fold change 

would be an appropriate cut-off value for determining the differentially 

expressed proteins to achieve 95% confidence.  

 

Table 1 Experimental variation across three technical replicates 

By applying the 1.5 fold change ratio as the cutoff value for each BCG sample, we 

identified five subsets of proteins that were significantly and consistently up-

regulated in all of the three technical replicates compared to their parent strain 

M. bovis. Accordingly, proteins with a fold change below the range of 0.67 across 

three replicates were considered to be down-regulated. 

 

  

 

 

Table 2 Number of differentially expressed proteins in five BCG strains compared to M. 

bovis. 

Percentage of 
Proteins (%) 

Fold change 
(Rep1:Rep2) 

Fold change 
(Rep1:Rep3) 

Fold change 
(Rep2:Rep3) 

100 <3.00 <3.00 <4.00 

99 <1.86 <1.83 <2.20 

95 <1.33 <1.36 <1.42 

 
up-regulated down-regulated 

Pasteur 63 55 

Tokyo 59 45 

Danish 111 47 

Phipps 54 40 

Birkhaug 42 38 
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Table 2 shows the total number of differentially expressed proteins in five BCG 

strains compared to M. bovis. The Venn diagram (Figure 10) represents the 

relationship of the up-regulated and down-regulated proteins among five BCG 

strains compared to M.bovis.  

 

 

4.5 Functional analysis of differentially expressed proteins 

Each protein has been assigned with a function category according to the Pasteur 

Institute functional classification tree database2. Figure 9 shows the distribution 

of functional categories information for all 193 differentially expressed proteins 

among five BCG strains compared to M. bovis.  

                                                           
2
 http://genolist.pasteur.fr/BoviList/ 

Figure 10 Relationship of the differentially expressed proteins among BCGs compared to M. 

bovis. Numbers of significantly up-regulated proteins for each BCG strain are shown on the 

left and numbers of down-regulated proteins for each BCG strain are shown on the right. 

http://genolist.pasteur.fr/BoviList/
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Figure 11 Functional categories of the all differentially expressed proteins in BCG strains. 

As shown in Figure 11, those differentially expressed proteins are found in nine 

different categories. Conserved hypothetical proteins whose functions are yet 

unknown share the biggest percentage of 28%. Here we report their existence in 

the cell lysates and reveal their relative expression levels. The roles they play in 

mycobacteria need further experimental studies to be elucidated. Large 

percentages of differentially expressed proteins in BCG strains are also found in 

categories of intermediate metabolism and respiration (22%), and cell wall and 

cell processes (15%), etc.  

Figure 12 illustrates the number of differentially expressed proteins (up-

regulated and down-regulated) in each functional category. Interestingly, we 

found there are more proteins up-regulated in the information ways than down-

regulated, mostly of them are ribosomal proteins, such as rps and rpl, others are 

28% 

22% 

15% 

3% 

5% 

15% 

6% 

1% 

5% 

conserved hypotheticals

intermediary metabolism and
respiration

cell wall and cell processes

conserved hypotheticals with an
orthologue in M. tuberculosis

lipid metabolism

information pathways

regulatory proteins

PE/PPE
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RNA polymerase or function in DNA binding, suggesting an active transcription 

and translation process in the cell.  

 

Figure 12 Number of up-regulated and down-regulated proteins in each functional 

category. 

Also, we observed 8 up-regulated proteins in the virulence or adaption category. 

Four of them (groEL2, danJ2 and hspX) are chaperone proteins or heat shock 

proteins that assist in the correct folding or transport of other proteins, three of 

them are members of MCE-family proteins. Ahp is an antioxidant protein, the 

corresponding gene expression can be induced by isoniazid or ehionamide or in 

vitro acid shock.  ClpB is a probable endopeptidease ATP binding protein which 

was assumed to be up-regulated by sigH39. Five down-regulated proteins in the 

virulence or adaption category are mce1c, mce1d, cfp29, cspA and cspB. A 

selected few of the interesting protein targets will be discussed in more details. 

4.6 Selected protein targets  

4.4.1 Virulence factors 

40 30 20 10 0 10 20 30 40 50

conserved hypotheticals

intermediary metabolism and respiration

cell wall and cell processes

conserved hypotheticals with an orthologue in…

lipid metabolism

information pathways

regulatory proteins

PE/PPE

virulence, detoxification, adaptation
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Mce family contains three copies of homologous mammalian cell entry operons 

in the M. bovis genome resulting from gene duplication events. In total, it 

includes 18 mce genes. For operon Mce1, six mce1 genes encode for proteins 

mce1A~mce1F. They were putative membrane-associated proteins according to their 

protein sequences and recently shown to be found in the cell wall fraction of M. 

tuberculosis. Mce1A was first identified for its expression in Escherichia coli, which 

enabled this noninvasive bacterium to enter the human HeLa cells and survive inside 

the human macrophages for 24 hours40. The mce1 operon is shown to have a big 

impact on the virulence of a mutant strain of M. tuberculosis when infected in 

mice41.Here, we reported significantly reduced expression of mce1c and mce1d in 

BCGs compared to M. bovis and a differentially expressed pattern of mce1f 

among BCG strains. The exact roles of those proteins play in the interactions 

between the pathogen and host cells still wait to be elucidated. 

Culture filtrate proteins from Mycobacterium could induce protective immunity 

in different animal models of TB. CFP29 protein is widely distributed in 

mycobacteria and found to be present in both culture filtrate and the membrane 

fraction of M. tuberculosis. It is assumed to release from the cell envelope to the 

outside during growth and participated in immune recognition in the early stage 

of infection. Relevant studies demonstrate it to be a potent T-cell antigen that can   

trigger prominent release of IFN-Ƴ in the mouse model of TB infection42. From 

our protein data, we found a decreased protein expression of CFP 29 in BCGs 

compared to M. bovis, indicating the virulence roles they play in BCGs have been 

impaired.  
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The examples above demonstrate the phenotypic differences in BCGs and M. 

bovis and corroborate the previous hypothesis that continued passages of M. 

bovis led to daughter BCG strains with reduced virulence. 

4.4.2 PE and PPE family protein  

PE and PPE is an unusual multi-gene family in mycobacteria and represents 

about 10% of the core genome. Their encoded proteins exhibit unique 

characteristic proline-glutamate (PE), or proline-proline-glutamate (PPE) N-

terminal motifs. The acidic nature of those proteins makes them difficult to be 

identified after treating with trypsin. The functions of many PPE proteins are still 

unclear, but they are implicated to be very important in antigenic variations 

among pathogenic mycobacteria. Some PPE proteins can elicit strong immune 

responses in TB patients compared to the BCG-immunized healthy controls, thus 

proposed to be used as specific diagnostic markers to differentiate active TB 

patients from healthy BCG-vaccinated individuals43. 

From our data, PPE14 and PPE50 proteins are significantly up-regulated in BCGs 

compared to M. bovis. It has been shown that the ortholog of PPE14 (MTB14) is 

assumed to be a protective antigen involved in the early control of infection and 

can induce a cell-mediated immunity in TB-sensitized human blood cells44. In 

contrast, PPE50 and PPE52 have been down-regulated in all BCGs. Interestingly, 

the down-regulation of PPE52 is both found at protein and transcripts level. 

Furthermore, the protein data indicates the late BCG strains (BCG Pasteur, 

Danish and Phipps) have slightly lower abundance of PPE52 compared to the 

early ones (BCG Tokyo and Birkhaug). 
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4.4.3 MPT immunogenic proteins 

MPT70 is a major antigen highly expressed in M. bovis and lowly expressed in 

BCG strains due to a point mutation in the transcriptional regulator SigK45. Also, 

it has a higher abundance in early BCG strains compared to the late ones because 

of differential transcriptional efficiencies46. These differences have been well-

reflected in our protein and RNA expression data. 

MPT63 and MPT64 are ranked as top vaccine candidates by a recent genomic 

prediction study47. Our data shows they are both down-regulated in mostly BCGs 

(except for MPT64 in BCG Tokyo). Also, we found extremely low mRNA 

abundance of MPT64 in BCG Pasteur, Danish and Phipps. This may indicate their 

protein expression is probably regulated by some other mechanisms other than 

mRNA transcription. Hopefully this would benefit the future studies about their 

immunogenicity. 
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Chapter 5 Conclusions 

As a pilot study comparing the protein inventory of the parent M. bovis and five 

daughter BCG strains, we obtained a quantitative proteomic profiling of all the 

six strains. In total, 420 proteins were identified and 377 of them were relatively 

quantitated from its complex proteome.  

We selected a subset of differential expressed proteins in BCGs, and looked for 

their functions in the cells and found some interesting protein targets. Some 

differential expressed proteins in our dataset, such as mce1 and cfp29 supports 

the belief that continued passage of BCGs led to reduced virulence in daughter 

strains. Our data also corroborates the different expression levels of antigens 

among BCGs may contribute to the variable vaccine efficacy.  

Additionally, we investigated the global correlations of expression rates between 

protein and mRNA expression levels in five BCG strains and found the 

correlation to be limited, indicating extensive post-transcriptional regulation 

mechanisms. 

The identified protein targets in our proteomic approach, together with their 

expression profiles provide valuable information for further understanding of 

the biology of M. bovis and BCG vaccine strains, and hopefully would assist in the 

design of better anti- TB vaccine and drugs. 
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Chapter 6 Future Work 

This pilot research work may benefit from the following extensions: 

First, we could aim to increase the coverage per strain and the coverage of 

quantitative proteomics across all commercially used BCG strains. We can try to 

use an alternative protein digester other than trypsin since the present study 

falls short in that digestion with trypsin missed most PE/PPE and acidic proteins. 

Secondly, some selected targets showing various abundances in this study can be 

further validated by immunoblot. The immunogenicity of selected antigen or 

virulence factors could also be further tested in animal models or in appropriate 

cell lines.  

Lastly, we can conduct further experiments focusing on isolation and 

characterization of previously unknown proteins and expand the understanding 

of the mycobacterial proteomes. 
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