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Abstract:  18 

Bone tuberculosis is widely characterized by irreversible bone destruction caused by 19 

Mycobacterium tuberculosis. Mycobacterium has the ability to adapt to various environmental 20 

stresses by altering its transcriptome in order to establish infection in the host. Thus, it is of 21 

critical importance to understand the transcriptional profile of M. tuberculosis during infection 22 

in the bone environment compared to axenic cultures of exponentially growing M.tb. In the 23 

current study, we characterized the in vivo transcriptome of M. tuberculosis within abscesses 24 

or necrotic specimens obtained from patients with bone TB using whole genome microarrays 25 

in order to gain insight into the M. tuberculosis adaptive response within this host 26 

microenvironment. A total of 914 mycobacterial genes were found to be significantly over-27 

expressed and 1688 were repressed (fold change>2; p-value ≤0.05) in human bone TB 28 

specimens. Overall, the mycobacteria displayed a hypo-metabolic state with significant 29 

(p≤0.05) downregulation of major pathways involved in translational machinery, cellular and 30 

protein metabolism and response to hypoxia. However, significant enrichment (p ≤0.05) of 31 

amino-sugar metabolic processes, membrane glycolipid biosynthesis, amino acid biosynthesis 32 

(serine, glycine, arginine and cysteine) and accumulation of mycolyl-arabinogalactan-33 

peptidoglycan complex suggests possible mycobacterial survival strategies within the bone 34 

lesions by strengthening its cell wall and cellular integrity. Data were also screened for M.tb 35 

virulence proteins using Virulent Pred and VICM Pred tools, which revealed five genes 36 

(Rv1046c, Rv1230c, DppD, PE_PGRS26 and PE_PGRS43) with a possible role in the 37 

pathogenesis of bone TB. Next, an osteoblast cell line model for bone TB was developed 38 

allowing for significant intracellular multiplication of M.tb. Interestingly, three virulence genes 39 

(Rv1046c, DppD and PE_PGRS26) identified from human bone TB microarray data were also 40 

found to be overexpressed by intracellular M. tuberculosis in osteoblast cell lines. Overall, 41 

these data demonstrate that M. tuberculosis alters its transcriptome as an adaptive strategy to 42 

survive in the host and establish infection in bone. Additionally, the in vitro osteoblast model 43 

we describe may facilitate our understanding of the pathogenesis of bone TB. 44 

Author Summary: Musculoskeletal tuberculosis is the third most common manifestation of 45 

extra-pulmonary tuberculosis and massive bone destruction along with vertebral discs are one 46 

of the hallmarks of this disease. Mycobacterium tuberculosis, the causative agent, has the 47 

tremendous potential to adapt itself to different host environments due to its ability to alter the 48 
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expression of genes/proteins belonging to different pathways. This study shows that the 49 

mycobacterial infection in bone is driven by the increased expression of genes belonging to 50 

cell wall remodelling and DNA damage repair pathways important for its survival. Further data 51 

analysis showed that some of these genes are coding for proteins possessing virulence potential 52 

that may be essential for survival of M. tuberculosis under such hostile environment of bone. 53 

We also developed an in vitro model of bone tuberculosis using an osteoblast cell line and 54 

validated the expression of these virulence factors. Identification of such virulence factors in 55 

the bone environment by M. tuberculosis may aid to identify new therapeutic targets for bone 56 

TB. Further, development of cell line model for bone TB is important to understand some 57 

unknown facets of this disease. 58 

Keywords: Transcriptome, bone tuberculosis, M. tuberculosis, gene expression, virulence, 59 

osteoblasts. 60 

Introduction 61 

Bone tuberculosis (TB) is one of the ancient extra-pulmonary manifestations of TB, as 62 

evidenced by the traces of DNA and cell wall mycolates detected in femurs of Egyptian 63 

mummies1. In India, it accounts for 10-25% of extra-pulmonary TB (EPTB) cases2 and the 64 

prevalence of disease has been increasing in other endemic countries. The spine (tuberculous 65 

spondylitis/Pott’s spine) is the most commonly affected skeletal site, accounting for >50% of 66 

bone TB cases. The disease is widely characterized by bone resorption, destruction of the 67 

vertebral bodies, discs, and formation of abscesses, eventually leading to vertebral collapse and 68 

kyphotic deformities3. Necrotic caseation and cold abscesses are the characteristic findings of 69 

tuberculous spondylitis in the majority of bone lesions4. Early diagnosis of bone TB is 70 

challenging due to its pauci-bacillary nature, deep inaccessible lesions, non-specific symptoms 71 

and resemblance of the disease to various other bone diseases and infections. Diagnosis of the 72 
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disease mainly relies on clinical and radiological findings. However, if undiagnosed, it 73 

eventually leads to paraplegia and neurological abnormalities associated with long-term 74 

morbidity5. A few studies have revealed how mycobacterial infection disrupts the bone 75 

homeostasis and favours enhanced osteoclastogenesis, ultimately causing bone destruction6,7. 76 

Mycobacterium tuberculosis, an obligate aerobic bacterium, thrives best in oxygen-rich 77 

environments such as the lungs, but it can also survive and establish infection in contained 78 

osseous tissue8. This is possible due to M. tuberculosis adaptations to different stresses and 79 

host environments, primarily involving alterations in its gene expression profile. Various 80 

studies have revealed the differential expression patterns of mycobacteria isolated from 81 

different sites within the human host9-11. The transcriptional profile of mycobacteria isolated 82 

from the lung granulomatous region is different from that obtained from normal-appearing 83 

lungs in M. tuberculosis-infected individuals12. The altered gene expression of M. tuberculosis 84 

under various physiologically relevant stress conditions, e.g., hypoxia and nutrient starvation, 85 

is accompanied by a switch from active growth to a more stable dormant state characterized by 86 

reduced metabolism and cell wall thickening13,14. Thus, in the present study, we aimed to 87 

understand mycobacterial adaptations to the bone environment by investigating its 88 

transcriptome within abscesses or necrotic specimens harvested from patients with bone TB. 89 

As a further step in elucidating key mycobacterial virulence factors in bone TB, we developed 90 

an in vitro osteoblast model of M. tuberculosis infection and confirmed the gene expression 91 

patterns of selected virulent proteins.  92 

Results:  93 

Transcriptional profile of M. tuberculosis in human bone lesions: 94 

The transcriptional profile of M. tuberculosis within bone specimens obtained from patients 95 

(n=5) was analyzed in comparison to exponentially growing M. tuberculosis H37Rv using 96 

whole genome microarrays. Differentially expressed genes (DEGs) were filtered with a fold 97 
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change cut off of 2 (>2 or ≤-2) and a p-value ≤0.05 (Fig. 1a). Data for the same have been 98 

submitted as gene expression omnibus (GEO) dataset vide accession no. (GSE-165232). 99 

Analysis revealed 2602 DEGs (Table S2), of which 914 genes were upregulated and 1688 were 100 

downregulated. A representative heat map and hierarchical clustering analysis of the same is 101 

shown in Figure 1b. DEGs were classified into functional categories as per the tuberculist 102 

database (Table 1).  103 

As shown in Figure 1c, the largest proportion of genes were classified as conserved 104 

hypothetical proteins (24%), followed by intermediary metabolism and respiration (23%), cell 105 

wall and cell processes (20%), lipid metabolism (7%) and virulence, detoxification, adaptations 106 

(6%) and information pathways (6%). A detailed analysis of upregulated and downregulated 107 

genes within each category is given in Table S3.  108 

Mycobacterial adaptation within the bone microenvironment: 109 

Table 1: Functional categorization of differentially expressed genes of Mycobacterium 

tuberculosis in human bone TB specimens based on the tuberculist database. 
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For further analysis of M. tuberculosis adaptation within the bone microenvironment, pathway 110 

enrichment analysis was performed using the Biocyc database and Fisher’s exact test with post 111 

hoc Benjamini-Hochberg correction (p≤0.05) for statistical analysis. This analysis identified 112 

significantly positively and negatively enriched pathways, transcriptional/translational 113 

regulators, and gene ontology (GO) terms among the upregulated and downregulated 114 

categories, respectively (Figs. 2a and 2b). Although there were no significant positively 115 

enriched pathways among upregulated DEGs after using post hoc correction, usage of only 116 

Fisher’s exact statistical analysis without post hoc correction led to identification of 77 117 

positively enriched pathways with a p-value ≤ 0.05 (Table S4). Further, among downregulated 118 

DEGs, 38 negatively enriched pathways were observed (Table S5).  119 

Upregulated pathways: Among the 77 positively enriched pathways, significantly enriched 120 

pathways belonged to amino-sugar metabolism (p≤0.005), membrane lipid metabolism and 121 

synthesis (p≤0.005), and biosynthesis of mycolyl-arabinogalactan-peptidoglycan (mAGP) 122 

complex (p≤0.005). Besides these, various other biosynthetic pathways were enriched, 123 

including synthesis of several amino acids (arginine, serine and glycine (p≤0.01)) and sulphate 124 

assimilation and cysteine biosynthesis (p≤0.01). Several regulatory pathways were also 125 

enriched, including protein phosphatases (p≤0.02) and cellular response to DNA damage 126 

stimulus (p≤0.02). Below we describe the details of the significantly enriched upregulated 127 

pathways using the Biocyc database15.  128 

Cell wall structure and integrity: Peptidoglycans (PG), mycolic acid and arabinogalactan are 129 

major constituents of the mycobacterial cell wall and essential for bacterial survival under 130 

extreme conditions16. Genes involved in the synthesis of amino-sugar derivatives, like UDP-131 

N-acetyl glucosamine (glmU (6.1), glmS (42.4), mrsA (2.69), nagA (5.4) and Rv2267c (5.3)), 132 

encoding a key metabolite and starting point for peptidoglycan synthesis17 were found to be 133 

overexpressed. Also, there was significant upregulation of genes involved in the formation of 134 
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the mAGP complex, including (glfT2 (90.5), embB (11.9), Ag85c (23.7), ubiA (6.9), Rv3807c 135 

(9.3), wecA (3.6), Rv2361c (13.2), Rv3468c (6.2), aftC (2.14), prsA (14.08), galE1(6.2) and 136 

galE3 (3.8) etc). Additionally, the genes Rv2174, Rv2181, pimB and Rv3631, which encode 137 

enzymes involved in biosynthesis of membrane glycolipids, like lipomannan (LM)/ 138 

lipoarabinomannan (LAM), a major component in TB immune-pathogenesis, were also found 139 

to be upregulated. In addition, genes involved in the synthesis of phthiocerol-based lipids (cord 140 

factors) and glycolipids (Rv2957, Rv2958c and Rv2962c) were also upregulated. Two genes 141 

(otsA, otsB2), encoding enzymes involved in the synthesis of trehalose, a major structural 142 

constituent of cell wall glycolipids, were also found to be upregulated (Table S4).  143 

Amino acid biosynthesis: Numerous genes of the amino acid biosynthetic pathways, including 144 

serine, glycine, cysteine and arginine, were induced in this study. Serine is an essential amino 145 

acid for mycobacterial growth18 and serves as a precursor for the synthesis of glycine, cysteine 146 

and phospholipids19. We observed significant induction of the genes serB2 and serA2, which 147 

encode enzymes involved in serine biosynthesis. The gene glyA2, encoding serine hydroxyl 148 

methyl transferase, which converts serine to glycine, was also significantly upregulated. 149 

Furthermore, M. tuberculosis in bone lesions showed increased expression of the genes 150 

involved in sulphur accumulation and biosynthesis of cysteine, including cys A1, encoding a 151 

subunit of the sulphate transporter, and cysN, which encodes a subunit of ATP sulfurylase 152 

responsible for activating the imported sulphate to adenosine-5’- phosphosulfate (APS). The 153 

APS can further be used for sulfation of biomolecules or for the synthesis of reduced sulphur 154 

compounds, such as cysteine, which can be converted to methionine and mycothiol. Among 155 

the cysteine synthesis genes required to reduce APS to cysteine, the gene cysK, which encodes 156 

for O-acetylserine sulfhydrylase, was also upregulated. This gene codes for one of the enzymes 157 

required to condense sulphide with O-acetyl serine. As described above, several genes involved 158 

in the biosynthesis of serine, which forms the intermediate O-acetyl serine for cysteine 159 
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synthesis, were also upregulated. In addition to serine, glycine and cysteine biosynthesis, 160 

multiple genes involved in the de novo arginine biosynthesis pathway (argC, argD, argG, carB 161 

and carA) were also upregulated in M. tuberculosis within human bone lesions (Table S3). 162 

Arginine biosynthesis is also an essential pathway and has been reported to be upregulated in 163 

response to oxidative stress in M. tuberculosis20 and also arginine deprivation cause 164 

mycobacterial cell death21. 165 

Protein phosphatases (Regulators of cell processes and virulence): Serine/threonine 166 

phosphatases are essential signalling enzymes in bacteria that catalyze the hydrolysis of some 167 

phospho-substrates which further control cell cycle events and intracellular survival of the 168 

bacteria22. Several genes encoding for enzymes possessing phosphatase activity (PstP, 169 

Rv1364c, gpgP, pknG, Rv3807, Rv3376, Rv3813 and Rv1225c) were found to be upregulated 170 

in this study. Among them, pstP, a key regulator of phosphorylation and cell division23 and 171 

pknG, which senses the availability of amino acids under nutrient deprived conditions24 were 172 

also upregulated in bone TB lesions. In addition to these, genes encoding acid phosphatases 173 

(Rv2577 and Rv2135c) were also found to be upregulated in the current study.  174 

DNA damage response: Intracellular pathogens, such as M. tuberculosis, experience a variety 175 

of DNA-damaging assaults in vivo, including the oxidative burst and host responses to 176 

infection25. Bacteria counteract these effects by inducing SOS and DNA damage repair 177 

responses.  In the present study, various genes encoding proteins involved in response to DNA 178 

damage (priA, disA, dinG, mutT3, radA, recN, recC, recD, Rv0336, Rv0515 and Rv3201c) were 179 

upregulated. Additionally, genes involved in base excision repair, along with various DNA 180 

glycosylase enzymes to remove an altered base at the site of damage, endonucleases, 181 

polymerases and DNA ligase-encoding genes (mutY, udgB, ung, Rv2191, ligD, dnaZX and 182 

Rv0142) were also found to be upregulated.  183 
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Overall, these findings indicate that stressed mycobacteria within bone abscesses maintain their 184 

overall cellular integrity by synthesizing essential amino acids, strengthening their cell wall 185 

and repairing damaged DNA to withstand these detrimental effects. 186 

Downregulated pathways: The major pathways that were significantly enriched among the 187 

downregulated DEGs were protein metabolic processes, constituents of ribosomes, peptide 188 

biosynthesis and translational machinery (p≤0.001). Along with these, various other pathways, 189 

like cellular metabolic processes, organic substance biosynthesis (p≤0.005) and response to 190 

decreased oxygen level (p≤0.01) were negatively enriched, as mentioned in Table S5. The 191 

details of the major pathways and gene clusters are described below. 192 

Translational machinery: Major downregulation of cellular protein metabolic processes, 193 

including structural constituents of ribosomes (rpl, rpm and rps), ribonucleoprotein complex, 194 

peptide biosynthetic processes (valS, trpS, metS, lysS, ileS, glyS, cysS1 and alaS) and 195 

translational initiation and elongation factors (rimP, frr, prfA, infB, infC, tsf, efp, tuf, typA, ideR 196 

and fusA1), was observed in the current study. Seventeen out of 22 rps genes (encoding the 197 

30S ribosomal subunit) and 27 of 36 rpl and rpm genes encoding the 50S ribosomal subunit 198 

were downregulated (Table S4).  199 

Protein excretion system: Along with major downregulation of the protein biosynthetic 200 

machinery, mycobacterial protein secretion systems were also downregulated in the current 201 

study. We found major downregulation of genes involved in type VII secretion systems, 202 

including espl, espD, espA, espB, espC, espD, eccCa1, eccB1, esxA and esxB. Additionally, 4 203 

of the 8 sec genes (secA1, secD, secE1 and secF) of the Sec secretion system and 1 of 4 tat 204 

genes (tatA), the twin-arginine (Tat) secretion system9 were downregulated (Table S5). 205 

Mycobacterial growth: Several genes associated with M. tuberculosis cell division, including 206 

ftsE, ftsH, ftsW, ftsX, ftsY and ftsZ, encoding for septation-associated components of 207 
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mycobacteria26,27 were significantly downregulated. Moreover, as shown in Table S5, 6 out of 208 

a total of 11 serine/threonine protein kinases (pknA, pknB, pknD, pknE, pknI and pknL), which 209 

are known to serve as environmental sensors regulating host-pathogen interactions and cell 210 

growth28 were found to be downregulated in this study. Additionally, we observed 211 

downregulation of 6 out of 7 whiB genes (whiB1, whiB2, whiB3, whiB4, whiB6 and whiB7), 212 

transcriptional regulators suggestive of its role in mycobacterial growth and persistence29.  213 

Respiratory machinery and ATP synthesis: Genes encoding several metabolic pathways 214 

associated with the growth of bacteria were found to be downregulated, including those 215 

involved in the M. tuberculosis respiratory pathway  and energy generation. There was 216 

downregulation of genes coding for 6 subunits of NDH-I (nuoA, nuoF, nuoK, nuoL, nuoM and 217 

nuoN), cytochrome c oxidase (ctaB, cta E, cta C and cta D), cytochrome c reductase (qcrA and 218 

qcrB) which are involved in the routine respiratory pathway, as well as ndhA and narGHJI, 219 

which are involved in the alternative pathway of respiration. Also, there was downregulation 220 

of 4/8 subunits of genes encoding components of ATP synthase (atpD, atpE, atpG and atpH). 221 

Cellular biosynthetic pathways: Cellular metabolism determines the fate of bacilli at the site 222 

of infection30. In this study, various biosynthetic pathways were repressed. Genes encoding 223 

cellular biosynthetic processes, like fatty acid biosynthesis (kasA, kasB, accA, aacD1, accD5, 224 

accD6 and 20/34 total fadD genes), de novo synthesis of purines (purA, purB, ndkA, nrdZ, 225 

nrdF1, nrdF2, guaA, guaB1, guaB3 and guaB2), NAD biosynthesis (nadA, nadB, nadE, nadD, 226 

gpm2, nudC, pncA and pncB2), and biosynthesis of branched chain amino acids (ilvA, ilvB1, 227 

ilvN, ilvB2, ilvC, ilvE, ilvD, leuD, leuA and leuB) were downregulated. Along with these 228 

pathways, genes encoding proteins involved in maintaining the redox balance in mycobacteria 229 

were also downregulated. These included the genes encoding factors for the synthesis of: 230 

mycofactocin (mftB, mftC, mftD, mftE and mftF), a redox cofactor in mycobacteria; mycothiol 231 

biosynthesis (mshA, mshB and mshD), a glutathione analogue in mycobacteria; riboflavin 232 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 15, 2022. ; https://doi.org/10.1101/2022.01.13.476285doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.13.476285
http://creativecommons.org/licenses/by/4.0/


11 
 

(ribA1, ribH, ribC and ribF), a cofactor in redox system; and thioredoxin reductase (trxB2), 233 

which reduces thioredoxin, a redox protein. In addition, genes encoding NAD(P) 234 

transhydrogenases (pntAa, pntAb and pntB), which catalyzes the interconversion of NAD and 235 

NADP redox reaction, were also downregulated in the present study (Table S4). 236 

Response to hypoxia: Mycobacteria may encounter different types of stress during host 237 

infection, including hypoxia within necrotic granulomas31. In order to survive such stresses, M. 238 

tuberculosis upregulates various genes. Interestingly, the vast majority of these hypoxia 239 

regulated genes (e.g., devR, devS, groEL, groES, sigB, sigF and icl) were found to be                                                                                                                                                                                                                                                                                                                                                                                240 

downregulated in bone TB lesions (Table S4).  241 

Overall, our data reveal that there is downregulation of major metabolic processes 242 

essential for bacterial replication and growth, suggesting that M. tuberculosis enters a state of 243 

quiescence and reduced metabolism characterized by cell wall remodelling during chronic of 244 

infection within bone abscesses/necrotic tissue. 245 

qRT-PCR validation of microarray data 246 

A small subset of genes (n=7) were randomly selected from microarray analysis which were 247 

further validated through qRT-PCR using the RNA isolated from the bone TB specimens. Out 248 

of the seven selected mycobacterial genes for validation, the gene expression of six DEGs was 249 

confirmed. Four of the genes (Rv1230c, Rv2290 Rv1910c and Rv1971) showed significant 250 

upregulation; Rv3875 showed downregulation and Rv1586 showed no change in the expression 251 

pattern similar to microarray (Fig. 1d). However, Rv0986 was found to be upregulated by qRT-252 

PCR with (log2 FC= 1.59±0.58) in contrast to the microarray analysis (log2Fc= -2.9), where it 253 

was downregulated. 254 

In-silico prediction of virulence factors 255 
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Seventeen of the mycobacterial genes showing >100-fold upregulation were further screened 256 

for identification of potential virulence factors with a significant role in bone TB pathogenesis. 257 

Candidate virulence proteins were identified using Virulent Pred and VICM Pred. Five proteins 258 

were identified possessing virulence-like properties based on their amino acid composition, 259 

dipeptide composition, and PSI-BLAST and PSSM profiles. Two of the top upregulated genes, 260 

Rv1046c (conserved hypothetical protein) and Rv1230c (membrane protein), with log2fold 261 

changed of 9.7 and 9.1, respectively, along with Rv3663c, a dipeptide transporter (DppD), and 262 

two PE_PGRS family proteins, Rv1441c (PE_PGRS26) and Rv2490c (PE_PGRS43), were 263 

predicted to be virulence factors by in silico analysis (Table 2).  264 

Confirmation of virulence gene expression in an in vitro model of bone TB 265 

Table 2: Screening of mycobacterial virulence proteins encoded by genes amongst the top  

upregulated genes (FC>100) using Virulent Pred and VICM Pred. Proteins possessing 

virulence potential based on a minimum four features are highlighted in red color. 
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In vitro model of bone TB: In order to confirm the role of the in vivo expressed mycobacterial 266 

virulence genes in the pathogenesis of bone TB, an in vitro osteoblast cell line model was 267 

established by infecting the cells using M. tuberculosis H37Rv-lux (Fig. S1). M. tuberculosis 268 

established infection in osteoblasts, followed by an exponential increase in the bacterial burden 269 

up to 21days post-infection (Fig 3a). Osteoblast proliferation and alkaline phosphatase (ALP) 270 

activity was significantly decreased upon M. tuberculosis infection when compared to 271 

uninfected control cells at days 3 (p≤0.01), 7 (p≤0.05), 14 (p≤0.001) and 21 (p≤0.05) post-272 

infection, as shown in Fig. S1. 273 

Gene expression analysis of mycobacterial virulence proteins in osteoblast cell culture: 274 

Gene expression profiling of virulence genes found to be upregulated in the in vivo bone TB 275 

lesions were further validated in the in vitro osteoblast model of bone TB using qRT-PCR. The 276 

gene Rv1046c showed significant upregulation at days 7 and 14 post-infection (p-value, 277 

≤0.001), but was found to be downregulated by day 21 post-infection. Rv1441c showed 278 

significant downregulation at day 7 post-infection, although its expression increased afterwards 279 

and showed significant upregulation (p-value, ≤0.001) at days 14 and 21 post-infection. The 280 

gene Rv3663 showed a significant time-dependent increase in gene expression post-infection 281 

as shown in Fig. 3b. 282 

Discussion 283 

Bone is a highly mineralized tissue composed of bone-forming osteoblasts, bone degrading 284 

osteoclasts, osteocytes and extracellular matrix (ECM). Bone extracellular matrix (BEM) 285 

constitutes 30% of organic component majorly collagenous protein along with non-collagenous 286 

proteins and glycans; 70% of bone is made up of inorganic component (hydroxyapatite). BEM 287 

associated proteins play a key role in establishing infection through adherence, penetration and 288 

colonization by a pathogen within the bone. Many of the proteins such as collagen, bone 289 
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sialoprotein, osteopontin and fibronectin are reported to be perfect niche for pathogens in the 290 

bone32. Bone TB primarily occurs through the dissemination of M. tuberculosis bacilli from 291 

the respiratory tract to the bones33. Enhanced bone resorption and bone loss are characteristic 292 

features of bone TB as a result of abnormal activation of osteoclasts6,7,34. 293 

Although M. tuberculosis is known to cause bone TB, the cellular hosts for 294 

mycobacteria within the bone environment are still not well understood. Sarkar et al. 295 

demonstrated the replication of various mycobacterial strains in osteoblast cells35. Osteoblasts 296 

have also been shown to be host cells for M. bovis BCG infection36. As an intracellular 297 

pathogen, M. tuberculosis not only needs to survive in the host environment but also to replicate 298 

within human cells to disseminate. In order to establish infection in different tissues, M. 299 

tuberculosis is known to adapt by altering its transcriptional program in different 300 

environments9,12. To gain insight into the pathogenesis of bone TB, it is thus important to 301 

characterize the M. tuberculosis transcriptome in the bone microenvironment, particularly at 302 

the site of active disease. In the present study, we performed in vivo transcriptomic analysis of 303 

tubercle bacilli within abscesses or necrotic tissue obtained from patients with 304 

microbiologically-confirmed bone TB.  305 

Overall, among DEGs, a greater number of genes were downregulated than were 306 

upregulated, corresponding to several metabolic pathways. Major significantly enriched 307 

upregulated pathways in human TB bone lesions were those involved in maintaining structural 308 

integrity and survival of the bacteria, including the synthesis of mAGP, LAM and glycolipids, 309 

which form the core structure of mycobacterial cell wall and are essential for M. tuberculosis 310 

resistance to various external stresses and reduced permeability to many drugs37,38. Likewise, 311 

two of the genes (otsA and otsB2) coding for trehalose synthesis and its transporter mmpL13ab 312 

were also significantly upregulated in this study. Induction of trehalose synthesis has been 313 
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implicated in M. tuberculosis virulence, as it can be used as carbon and energy source during 314 

various stresses39,40. 315 

In the current study, enrichment of several biosynthetic pathways of essential amino 316 

acids, including serine, arginine and cysteine, was observed. Serine biosynthesis is crucial for 317 

survival of mycobacteria inside the human host, as this amino acid is not taken up from the 318 

surrounding environment41. Besides acting as a nitrogen source, it is also important for the 319 

synthesis of other amino acids, such as glycine and cysteine. De novo synthesis of arginine is 320 

known to have a significant role in M. tuberculosis virulence, as arginine deprivation leads to 321 

accumulation of DNA damage, causing cell death20,21. The enzymes involved in this pathway 322 

are being considered as drug targets for TB therapeutics42. Thus, M. tuberculosis may 323 

upregulate genes involved in amino acid metabolism as a survival and/or pathogenesis strategy 324 

inside bone. Additionally, assimilation of inorganic nutrients, such as sulphur, in mycobacteria 325 

has been shown to contribute to mycobacterial virulence and survival43.  326 

Mycobacterial protein phosphatases were also enriched in our study. PstP is an essential 327 

gene for M. tuberculosis intracellular survival and a key regulator of cell growth. Deletion of 328 

pstP causes cell wall defects leading to cell death, while overexpression of pstP lead to 329 

elongated cells with compromised cell survival44. We observed upregulation of pknG, which 330 

encodes an essential serine/threonine kinase responsible for sensing and responding to changes 331 

in nutrient availability24. Thus, the upregulated expression of these two regulatory genes, pstP 332 

and pknG, within bony TB lesions may be essential for metabolic switching from active growth 333 

to stasis in order to cope with environmental stresses. Along with these, mycobacterial genes 334 

encoding acid phosphatases enzymes (Rv2577 and Rv2135c) were also found to be upregulated. 335 

Acid phosphatases secreted from osteoclast cells are considered a key marker of bone 336 

resorption, as they dissolve both organic (collagen) and inorganic (calcium and phosphorus) 337 

components of bone45. Rv2577, which encodes a secreted acid phosphatase46,47 containing a 338 
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TAT (twin arginine translocation) motif was also found to be overexpressed, suggesting a 339 

potential role in bone resorption. Additionally, several genes (mce1A, Rv3717, glmU and 340 

Rv0296c) considered important for invasion of mycobacteria into host tissues were also 341 

induced in the present study.  342 

One mechanism by which the host immune system responds to invading pathogens is 343 

the generation of various reactive oxygen species and reactive nitrogen intermediates, which 344 

cause damage to mycobacterial DNA25. Bacteria respond to such assaults by inducing DNA 345 

damage repair responses. In the present study, M. tuberculosis in bone lesions overexpressed 346 

genes involved in recombination repair systems (recC, recD, recN and mutT3) and base 347 

excision repair (udgB, ung, Rv2191, dnaZX and ligD). Induction of mycobacterial DNA 348 

damage repair responses promotes mycobacterial survival through adaptations to 349 

environmental stress and regulation of virulence48.  350 

Amongst the negatively enriched pathways corresponding to downregulated genes in 351 

the study, major downregulation was observed in genes associated with cellular protein 352 

metabolism, growth of mycobacteria and several cellular biosynthetic processes. The bacteria 353 

surviving in bony lesions showed downregulation of ribosomal proteins involved in protein 354 

synthesis, which was accompanied by decreased protein export, as evidenced by 355 

downregulation of genes of mycobacterial secretion systems including sec, tat and several of 356 

the type VII secretion systems. The downregulation of esxA and cfp10 from the Esx-1 secretion 357 

system is notable since the proteins encoded by these genes are considered important virulence 358 

factors of mycobacteria49,50. Other genes encoding Esat-6-like proteins were also 359 

downregulated in current study. The observed reduction in protein biosynthesis was 360 

accompanied by a downregulation of most genes encoding heat shock proteins, which are 361 

involved in proper protein folding during stress conditions.  362 
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Several metabolic pathways essential for mycobacterial growth were found to be 363 

downregulated in bone TB lesions. For example, the majority of purine biosynthesis genes, 364 

which are essential for M. tuberculosis growth51,52 were among the downregulated DEGs in the 365 

current study. As M. tuberculosis infection progresses from the acute to the chronic phase, 366 

immune activation and host-imposed stresses increase, which causes a metabolic shift in 367 

mycobacteria to ensure maintenance of membrane integrity in the absence of growth30,53. The 368 

genes involved in the synthesis of redox cofactors, such as NAD, mycofactocin, mycothiol, 369 

and riboflavin, which are important to resist oxidative stresses, were also found to be 370 

downregulated. Besides maintaining redox homeostasis, actively growing bacteria also needs 371 

energy in the form of ATP, which is synthesized by ATP synthase in response to the proton 372 

motive force generated through the respiratory chain. In the current study, the components of 373 

both the routine and alternative respiratory pathways, along with ATP synthase, were 374 

downregulated, thus indicating a low energy state of M. tuberculosis in the bone.  375 

Furthermore, mycobacteria may come across different types of stresses during host 376 

infection, including hypoxia within necrotic granulomas and acidic pH in phagosomes31. In 377 

order to survive such stresses, M. tuberculosis upregulates various genes. A study by Rustad et 378 

al. has identified 49 genes, which are upregulated during M. tuberculosis exposure to hypoxia 379 

in vitro13. Interestingly, the great majority (40/49) of these hypoxia-regulated genes were found 380 

to be downregulated during bone TB. Another group of genes, which are upregulated during 381 

oxygen deprivation, include the universal stress response genes. Seven of 9 of these genes were 382 

downregulated in the current study. We also observed downregulation of 7/10 genes encoding 383 

heat shock proteins responsible for proper protein folding during stress conditions54. 384 

Downregulation of genes related to hypoxia and universal stress proteins points toward the 385 

diverse microenvironments encountered by mycobacteria within the lung parenchyma and 386 

bone. Thus, M. tuberculosis in bone lesions seems to be in a non-hypoxic, quiescent, low-387 
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energy state characterized by downregulation of genes involved in protein synthesis and 388 

transport, purine synthesis, and redox homeostasis. 389 

After validating the microarray results using quantitative RT-PCR, the genes found to 390 

be the most highly upregulated in bone TB were further screened for the presence of M. 391 

tuberculosis virulence genes, with the hypothesis that these genes may play a significant role 392 

in the pathogenesis of bone TB. The bioinformatic tools VirulentPred and VICMPred, which 393 

have been used previously for such analyses55,56 identified several key virulence factors 394 

(Rv1046c, Rv1230c, dppD (Rv3663), PE_PGRS26 (Rv1440c) and PE_PGRS43 (Rv2490c)), 395 

which may play a role in M. tuberculosis pathogenesis and modulating host environment within 396 

the bone. Rv1046c is a hypothetical protein with unknown function belonging to a pathogenic 397 

genomic island (Rv1040c-Rv1046) with mobile genetic elements57, and Rv1046c-deficient 398 

mutants have been shown to have growth defects52. Rv1230c acts as cAMP-responsive stress 399 

regulator58. Rv3663, an oligopeptide/ dipetide permease (Opp)/Dpp transport system is 400 

involved in cell surface modulation of M. tuberculosis59. Expression of the Dpp transporters 401 

DppC and DppD in TB bone lesions could be important under nutrient-deficient conditions for 402 

the uptake of peptides60 from the extracellular matrix. Structural homology analysis showed 403 

that PE_PGRS 26 (Rv1441c) is an apoptosome-like protein associated with increased 404 

persistence of mycobacteria in mice and increased cell death and LDH release in 405 

macrophages61. Another PE-PGRS family of protein, Rv2490c has been shown to be expressed 406 

by M. tuberculosis in the lungs of guinea pig 30 and 90 days post-infection62. 407 

Osteoblasts play a significant role and are key regulator in maintaining bone 408 

homeostasis. To study the importance of mycobacterial virulence proteins predicted in the 409 

present study in the pathogenesis of disease, an in vitro osteoblast cell line model was 410 

established with minor modifications from previous models35,36. Osteoblast cells were infected 411 

with M. tuberculosis H37Rv-lux in osteogenesis media for 21 days to allow the maturation of 412 
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pre-osteoblasts to mature osteoblasts secreting extracellular matrix and minerals around 413 

osteoblasts63. The mycobacteria invaded the osteoblasts and multiplied exponentially, as 414 

determined in real time by relative luminescence intensity. Using RT-PCR in this model, we 415 

confirmed upregulation of bioinformatics-derived M. tuberculosis virulence genes, which were 416 

also found to be upregulated in human bone TB lesions, suggesting that the encoded proteins 417 

may play a role in the pathogenesis of bone TB. 418 

Concluding Remarks 419 

The present study provides novel insights into mycobacterial adaptation in the bone 420 

microenvironment. Within human bone TB lesions during the chronic stage of infection, M. 421 

tuberculosis seems to be in a non-hypoxic, non-replicative and hypo-metabolic state 422 

characterized by alterations in its physiology, as reflected by decreased protein metabolism, 423 

export and cellular biosynthetic processes. In parallel, there is a major remodelling of cell wall 424 

synthesis favoring the maintenance of cellular integrity for bacillary survival within abscesses. 425 

Hence, it appears that after establishing a chronic infection within the bone, M. tuberculosis 426 

undergoes a transition from active growth to a metabolically quiescent state. These unique 427 

metabolic adaptations of mycobacteria during the chronic stage of infection can be further 428 

explored to gain an insight into mycobacterial pathogenesis and may lead to the development 429 

of novel therapeutic targets for the treatment of bone TB. 430 

Materials and Methods 431 

Study subjects and sample collection: To study the transcriptome of mycobacteria at the site 432 

of infection, abscess/necrotic tissue samples were used. Specimen were taken by an 433 

orthopaedic surgeon and collected in a sterile container from microbiologically confirmed (4 434 

cases positive by GeneXpert MTB/RIF and MGIT culture and 1 case positive only by MGIT 435 

culture) bone TB patients before the commencement of anti-tubercular treatment (ATT). 436 
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Samples were collected only after obtaining the informed written consent from the patients 437 

visiting the Department of Orthopaedics, Post Graduate Institute of Medical Education and 438 

Research (PGIMER) in Chandigarh, India. The study was approved by the Institutional Ethics 439 

Committee vide no. PGI/IEC/2012/1334-35 and INT/IEC/2018/000126. The necrotic 440 

tissue/abscess samples were collected and immediately put into ice and then transferred to RNA 441 

later (Sigma Aldrich) and stored at -800C till further use. 442 

Bacterial culture: M. tuberculosis H37Rv, a laboratory strain originally obtained from NCTC 443 

London, was grown in vitro in Sauton’s media supplemented with 10% OADC. A 444 

bioluminescent M. tuberculosis H37Rv strain (M. tuberculosis-lux), which stably expresses an 445 

integrated bioluminescent reporter (firefly luxABCDE full operon), including the luciferase 446 

enzyme and associated luciferin substrate (Dutta et al., 2020), was used for infection of 447 

osteoblast cells. M. tuberculosis-lux was grown in Middlebrook 7H9 broth containing 448 

0.05%Tween, 0.2% glycerol and 10% OADC in a shaking incubator at 37C and 200rpm.  449 

Cell line: The MC3T3 osteoblast cell line (ATCC CRL-2593) was used to establish an in vitro 450 

cell line model of bone TB. Osteoblast cells were maintained in α-MEM (Gibco) media 451 

containing 10% FBS (FBS; Corning) at 37C in the presence of 5% CO2.  452 

RNA isolation: For isolation of M. tuberculosis RNA, stored samples were thawed on ice and 453 

centrifuged at 4500g for 15minutes to remove RNA later followed by two times of washing 454 

using chilled phosphate buffered saline (PBS). Further, the pellet obtained was treated with 455 

GTC solution (4M guanidium thiocyanate, 0.5% sarkosyl, 25mM tri sodium citrate, 0.1M β-456 

mercaptoethanol and 0.5% Tween-80) for 5-10 minutes for effective removal of eukaryotic 457 

RNA, followed by centrifugation at 5000g for 20 minutes at 4C and RNA was isolated using 458 

TRIzol reagent (Life Technologies), as described previously by Abhishek et al.10. RNA isolated 459 

from mid-logarithmic phase H37Rv culture was used as a reference to estimate the 460 

differentially expressed genes in bone TB specimens. Quality and quantity of RNA was 461 
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determined using 2100 Bioanalyzer (Agilent) and Infinite 200 Pro NanoQuant (Tecan) 462 

respectively. 463 

Microarray: For microarray analysis, amplification and cyanine 3-CTP (Cy3) labelling of M. 464 

tuberculosis RNA was accomplished using One-Color Microarray-Based Low Input Quick 465 

Amp WT Labelling kit (Agilent Technologies) as per the manufacturer’s protocol using 300ng 466 

of input RNA. Further, labelled and amplified cRNA samples were purified using RNeasy Mini 467 

kit and quantified using Infinite 200 Pro Nano Quant plate spectrophotometer. cRNA 468 

concentration (ng/μL), 260/280 ratio and Cy3 concentration (pmol/μL) were measured to 469 

estimate the yield and specific activity of each sample. The samples (n=5) with a specific 470 

activity of more than 15 (pmol Cy3/μg cRNA) and yield of 0.825µg were selected and further 471 

processed for hybridization to customised M. tuberculosis array slides (custom GE array 472 

8*15K; Agilent technologies G2509F-026323). 1.0 µg of labelled cRNA from each sample and 473 

control were used for co-hybridization using the gene expression hybridization kit (Agilent) as 474 

per the manufacturer’s protocol. The hybridized slides were washed and scanned using Sure 475 

Scan Microarray scanner (Agilent). 476 

Data extraction and analysis: Data were extracted from the scanned tiff image for each 477 

sample using feature extraction software and analysed using Gene Spring GX software 478 

(Agilent). For statistical analysis, student’s t-test was used with Benjamini-Hochberg’s 479 

correction. The genes with expression of  >2 or ≤ -2 fold change and p-value ≤0.05 were filtered 480 

and considered to be significantly differentially expressed genes (DEGs). DEGs were subjected 481 

to functional categorization as per their functional categories listed in Tuberculist.  Further, 482 

hypergeometric probability was used to find significantly enriched functional categories (p-483 

value ≤0.05). Pathway enrichment analysis was done through Biocyc database (BioCyc.org) 484 

using fisher’s exact  with Benjamini-Hochberg’s post hoc test. 485 
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Validation of microarray results using real time qRT-PCR: Validation of microarray data 486 

was done using qRT-PCR. The RNA isolated from the clinical specimen from patients with 487 

confirmed bone TB was subjected to DnaseI (Thermo) treatment, followed by cDNA synthesis 488 

(BioRad iScript). The qRT-PCR was performed using Sybr Green master mix (Biorad) on the 489 

Rotor gene Q instrument (Qiagen). Relative gene expression of all the genes were calculated 490 

with the2^(-ΔΔCT ) method, using 16S rRNA as an internal control and in vitro grown M. 491 

tuberculosis as reference. Primer sets used for relative gene expression are listed in the 492 

supplementary table (Table S1). 493 

Prediction of M. tuberculosis virulence proteins: Highly expressed genes with >100-fold 494 

upregulation were screened for prediction of genes encoding potential virulence proteins in 495 

bone TB. VICM Pred and Virulent Pred support vector machine (SVM)-based tools were used 496 

for prediction55,56.  497 

In vitro model of bone TB: 498 

Osteoblast cells were cultured in 24-well plates at a density of 5x104 cells/well in osteogenesis 499 

media supplemented with 50µg/ml ascorbic acid and 2mM β-glycerophosphate for 24 hours at 500 

37C in the presence of 5% CO2. After 24 hours of incubation, osteoblast cells were infected 501 

with M. tuberculosis-lux at a MOI of 10-15 for 2 hours. Prior to infection, single-cell 502 

suspension of log-phase grown M. tuberculosis-lux (OD600 0.3-0.5) was prepared followed by 503 

centrifugation, washing and vortexing in the presence of 3-mm glass beads. After 2 hours of 504 

infection, the monolayer of infected and uninfected control cells was washed thrice using PBS. 505 

Media containing amikacin (20ug/ml) was added to kill the extracellular bacteria, and then the 506 

cells were grown in amikacin-free osteogenesis media for 21 days post-infection. Culture 507 

media were changed every 2-3 days. Osteogenesis medium allows the differentiation of 508 

osteoblasts into mature osteoblast cells in the presence of mycobacteria. Cell proliferation was 509 
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measured using the MTS assay (Promega), ALP activity using 1-step pNPP substrate solution 510 

(Thermo Scientific) and intracellular multiplication of bacteria was measured at days 0, 3, 7, 511 

14 and 21 post-infection. 512 

Assessment of invasion and intracellular multiplication of mycobacteria: Mycobacterial 513 

burden within osteoblasts was measured in terms of relative luminescence units (RLU)/ml. At 514 

each time point, cells from were lysed using 0.1% TritonX-100 and collected in a micro-515 

centrifuge tube. Immediately after collection, the cell lysate was pelleted and read for RLU 516 

using a luminometer (Promega GloMax 20/20). 517 

Gene expression analysis: qRT-PCR was used to study the relative gene expression of 518 

selected mycobacterial virulent proteins identified through microarray of bone TB patients in 519 

the intracellular M. tuberculosis isolated from osteoblast cell lines. 520 

Statistical analysis: For statistical analysis, Graph Pad Prism was used and the statistical 521 

difference between two groups was computed using unpaired Student’s t-test. For analysis of 522 

more than 2 groups, one-way ANOVA was used. Data were represented as mean ± standard 523 

deviation (SD). A p-value ≤ 0.05 was considered statistically significant.  524 
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Figures  705 
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Fig. 1: Transcriptional profile of Mycobacterium tuberculosis in abscess or necrotic tissue 

obtained from bone TB patients. (a) Volcano plot represents the distribution of all 

differentially expressed mycobacterial genes filtered on the basis of >2 or<-2 fold change and 

corrected p-value of 0.05. Red color represents upregulation, blue represents downregulation 

and grey with no change. (b) Heat map reflecting the hierarchical clustering of differentially 

expressed mycobacterial genes in bone TB specimen obtained from five different patients, red 

color represents upregulated genes, blue represents downregulated genes and yellow color with 

no change in gene expression. (c) Pie chart represents the functional categories of all 

differentially expressed mycobacterial genes as determined by Tuberculist (d) qRT-PCR 

validation of a subset of differentially expressed mycobacterial genes selected from microarray 

in human bone TB specimen (n=6). 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 15, 2022. ; https://doi.org/10.1101/2022.01.13.476285doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.13.476285
http://creativecommons.org/licenses/by/4.0/


34 
 

  707 

Fig. 2: Significantly enriched pathways correspond to differentially upregulated and 

downregulated mycobacterial genes using Biocyc database.  Bar graph for top 10 

enriched pathways for differentially (a) downregulated pathways, p-value computed using 

fisher’s exact test and post-hoc Benjamini Hochberg’s correction. (b) upregulated 

pathways, p-value calculated using fisher’s exact test. X-axis shows the no. of genes and 

Y-axis represents p-value. p-value >0.05 is considered statistically significant. 
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Fig. 3: Intracellular multiplication of Mtb H37Rv-lux and gene expression analysis of 

intracellular Mycobacterium tuberculosis (iM. tuberculosis) within 

osteoblasts: MC3T3 osteoblast cell were infected with Mtb H37Rv-lux and 

incubated upto 21days post infection. a) Fold multiplication of Mtb in osteoblasts 

in terms of RLU/ml at different days of infection. p-value calculated by using 

student’s t-test to compare the infected vs. uninfected control samples at each time 

point. b)  Gene expression analysis of in-silico identified virulent proteins of iMtb 

extracted from H37Rv-lux infected osteoblasts at different time points in 

comparison to H37Rv-lux. 16S rRNA was used as house-keeping gene for 

normalization. Log2 fold change was calculated using 2^
-∆∆Ct

. Each bar represents 

the mean ±SD of three different sets of experiment for each gene. One-way 

ANOVA with dunnett's multiple comparison test was used to calculate statistical 

significance for gene expression of intracellular Mtb post 7d, 14d and 21d infection 

compared to control Mtb H37Rv-lux. *p<0.05, **p<0.01, ***p<0.001. 
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