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RESEARCH ARTICLE

A multi-omics investigation into the mechanisms of hyper-virulence in 
Mycobacterium tuberculosis
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Kingsley King Gee Tamc, Sheeba Shehzada, Timothy Ting Leung Nga, Li Zhua, Hiu Yin Laoa, Chloe Toi-Mei Chana, 
Jake Siu-Lun Leunga, Lam-Kwong Leea, Kin Chung Wongd, Wing Cheong Yamc, and Gilman Kit-Hang Siua

aDepartment of Health Technology and Informatics, Faculty of Health and Social Sciences, The Hong Kong Polytechnic University, 
Hong Kong Special Administrative Region, Hong Kong, China; bUniversity Research Facility in Life Sciences, The Hong Kong Polytechnic 
University, Hong Kong Special Administrative Region, China; cDepartment of Microbiology, Li Ka Shing Faculty of Medicine, The University of 
Hong Kong, Hong Kong Special Administrative Region, China; dDepartment of Clinical Pathology, United Christian Hospital, Hong Kong 
Special Administrative Region, China

ABSTRACT
Clinical manifestations of tuberculosis range from asymptomatic infection to a life-threatening 
disease such as tuberculous meningitis (TBM). Recent studies showed that the spectrum of disease 
severity could be related to genetic diversity among clinical strains of Mycobacterium tuberculosis 
(Mtb). Certain strains are reported to preferentially invade the central nervous system, thus 
earning the label “hypervirulent strains”.However, specific genetic mutations that accounted for 
enhanced mycobacterial virulence are still unknown. We previously identified a set of 17 muta
tions in a hypervirulent Mtb strain that was from TBM patient and exhibited significantly better 
intracellular survivability. These mutations were also commonly shared by a cluster of globally 
circulating hyper-virulent strains. Here, we aimed to validate the impact of these hypervirulent- 
specific mutations on the dysregulation of gene networks associated with virulence in Mtb via 
multi-omic analysis. We surveyed transcriptomic and proteomic differences between the hyper- 
virulent and low-virulent strains using RNA-sequencing and label-free quantitative LC-MS/MS 
approach, respectively. We identified 25 genes consistently differentially expressed between the 
strains at both transcript and protein level, regardless the strains were growing in a nutrient-rich 
or a physiologically relevant multi-stress condition (acidic pH, limited nutrients, nitrosative stress, 
and hypoxia). Based on integrated genomic-transcriptomic and proteomic comparisons, the 
hypervirulent-specific mutations in FadE5 (g. 295,746 C >T), Rv0178 (p. asp150glu), higB (p. 
asp30glu), and pip (IS6110-insertion) were linked to deregulated expression of the respective 
genes and their functionally downstream regulons. The result validated the connections between 
mutations, gene expression, and mycobacterial pathogenicity, and identified new possible viru
lence-associated pathways in Mtb.
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Introduction

Tuberculosis (TB) remains a significant cause of mor
bidity and mortality worldwide. According to the 
World Health Organization global TB report, there 
were 10 million new TB cases and 1.4 million TB- 
related deaths in 2020 [1]. The globally circulating 
M. tuberculosis strains could be phylogenetically classi
fied into seven lineages and 60 sub-lineages that share 
high genetic similarity (>99.98% nucleotide sequence 
identity) [2]. Despite limited genetic variability among 
them (0.02% of all nucleotide positions in the genome), 
remarkable strain-specific differences are observed in 

the region of infection (i.e. pulmonary or extra- 
pulmonary) [3], transmissibility [4] and virulence (i.e. 
degree of pathogenicity) [5]. For instance, it has been 
shown that strains of the M. tuberculosis lineage-2 (East 
Asian or Beijing lineage) are geographically most wide
spread [6], frequently associated with drug resistance 
[7] and hyper-virulent in animal models of TB [8]. 
Nevertheless, clinical strains of lineage-2 further differ 
in virulence [9]. Epidemiological studies have found 
that certain strains are able to cause disseminated dis
ease after the lung infection and preferentially invade 
the central nervous system (CNS) [10,11], thus earning 
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the label “hypervirulent strains”. It is crucial to identify 
the genetic factors that accounted for enhanced myco
bacterial virulence in the hypervirulent M. tuberculosis 
strains.

Previously, we reported a hyper-virulent strain, 
H112, of the Beijing family of M. tuberculosis, which 
was isolated from the cerebrospinal fluid of an HIV- 
negative young patient with tuberculous meningitis. 
This strain also demonstrated a two-fold higher intra
cellular growth index and three-fold reduced TNF-α 
stimulation in peripheral blood derived monocyte- 
derived macrophages relative to 123 other strains, 
including the reference virulent strain M. tuberculosis 
H37Rv [12]. We compared the complete genome 
sequence of the hyper-virulent strain H112 with 
a control strain H54, which belongs to the same phy
logenetic lineage (i.e. lineage 2.2.1) as H112 but was 
isolated from pulmonary TB patient and did not repli
cate in macrophages over a period of seven days [13]. 
Through genomic comparisons between H112 and H54 
and also with previously published M. tuberculosis gen
omes in NCBI Genbank, we identified 17 mutations 
specific to a cluster of globally circulating hyper- 
virulent strains, which included H112 and other hyper- 
virulent strains isolated from Gran Canarias [14], 
Zaragoza, and Brazil [15]. The mutations affected 
known virulence factors of M. tuberculosis including 
higB-toxin (p. asp30glu), rv3371 (p. ala323thr), pip 
(IS6110-insertion), and fadE5 (g. 295,746 C >T) [13].

Here, we investigated functional consequences of the 
hypervirulent-specific mutations by analyzing genome- 
wide expression differences at RNA and protein level 
between the hyper-virulent strain, H112, and 
a phylogenetically related low-virulent strain, H54, in 
the context of their genetic differences. We profiled the 

genome-wide expression pattern for each strain during 
exponential growth in a nutrient-rich condition (7H9 
medium) and a physiologically relevant multi-stress 
condition (NR medium) using RNA-sequencing and 
label-free quantitative proteomics (Figure 1). The 
results uncovered that a set of genes harboring hyper
virulent specific mutations were differentially expressed 
in strain H112 relative to strain H54 regardless of the 
culture condition (nutrient-rich and stress) or measure
ment method (RNAseq and proteomics), suggesting 
that these mutations are functionally important for 
hypervirulence by altering expression of virulence- 
associated genes.

Result

Differences in transcript abundance between 
hyper-virulent and low-virulent strains maintained 
across culture conditions

RNA extracted from each strain cultured under nutrient- 
rich (7H9 medium) and multi-stress condition (NR med
ium) was analyzed through RNA sequencing to identify 
differentially abundant transcripts between the hyper- 
virulent strain H112 and the low-virulent strain H54. 
The RNA sequencing runs yielded on average 
33.71 million high quality (>Q30) reads, of which, 
87.15% mapped uniquely to the reference genome 
M. tuberculosis H37Rv (NC_000962.3) (Fig S1). Overall, 
the sequencing result was consistent between replicates as 
indicated by close clustering of the replicates in hierarch
ical clustering and principal-component-analysis (PCA) 
(Fig S1). The clustering analysis also uncovered that the 
genetic mutations between the strains were important 
factors in shaping the transcriptional profiles of the stu
died strains (Fig S1).

Figure 1. Overview of the study and experiment design.
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Pairwise comparison of the DESeq2 normalized 
read-counts per gene between strain H112 and strain 
H54 revealed that there were 1,964 and 493 differen
tially abundant transcripts (false-discovery-rate 
[FDR] lower than 5%) between the two strains dur
ing exponential growth in 7H9 medium and under 
stress in NR medium, respectively (Figure 2). To 
validate the RNA seq results, a set of seven genes 
were selected for quantification by RT-qPCR because 
of their association with hypervirulent-specific muta
tion and their considerable expression difference 
between H112 and H54 (fold change greater than 
two). The differential expression of these seven 
genes was confirmed to be consistent in RT-qPCR 
analysis (Fig S2).

In addition, transcripts differentially abundant under 
stress-phase nearly overlapped (83.16%, 410/493) with 
those during the exponential growth phase, suggesting 
that the basal-level expression of these genes is signifi
cantly different between H112 and H54, and the gene- 
expression differences are maintained in NR medium, 
which mimics the multi-stress condition inside macro
phages (Figure 2).

Differentially abundant proteins between 
hyper-virulent and low-virulent strains during 
exponential growth in 7H9 medium

As the growth of M. tuberculosis strains was diminished 
under stress condition in NR medium, the protein 
yields were not sufficient for LC-MS/MS analysis. 
Therefore, the proteomic analysis was based on myco
bacterial protein extracted from 7H9 cultures only. 
Whole-cell lysates from exponentially growing cultures 
of each strain were analyzed for their differences in 
protein abundance using LC-MS/MS. Clustering analy
sis based on principal components 1 and 2 showed 
minor variations between replicates from the same 
strain compared to samples prepared from a different 
strain (Fig S3), a trend that was also seen in the PCA 
analysis for transcriptomic data and demonstrates high 
technical reproducibility of both datasets (Fig S1).

A total of 3,200 peptide ions were detected across 
both strains which were annotated to 1,189 known 
proteins from reference strain M. tuberculosis H37Rv 
using Mascot algorithm (FDR < 0.01 with two or more 
peptides per protein) and included in the quantitative 
analysis. Of these 1,189 proteins, 387 were differentially 

Figure 2. Consistent differential gene expression in H112 across 7H9 (nutrient-rich) and NR (stress) medium conditions relative to 
H54.
The number of differentially expressed genes in each growth condition and the intersections (number of common genes) between them are 
illustrated. For example, in the right panel, 221 genes showed consistent differential expression (downregulated) at RNA levels across both 
7H9 and NR conditions, whereas 121 genes were upregulated at RNA levels under the conditions. Consistent differential gene expression at 
both RNA levels across conditions is highlighted in blue. Similarly, 20 and 5 genes were downregulated and upregulated, respectively, at 
both RNA and protein levels (highlighted in maroon) across the conditions. The direction of expression change is indicated as in H112 
relative to H54.
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abundant between H112 and H54 with log2 fold- 
changes ranging from −4.9 to 6.45 (p-value <0.05) 
(Figure 2). There were 257 proteins upregulated (med
ian log2 fold-change 0.56, range 0.11 to 6.45) and 130 
downregulated (median log2 fold-change −0.59, range 
−4.9 to −0.17) in the hyper-virulent strain H112 relative 
to low-virulent strain H54 (Figure 2).

Consistent gene expression differences at RNA and 
protein level

Twenty genes were consistently downregulated (FDR < 
0.05) and five genes consistently upregulated (FDR < 

0.05), regardless of the quantitation method (RNAseq 
or proteomics) or experimental condition (7H9 or NR) 
(Figure 2 and 3).

In addition, there were also 221 genes for which RNA 
transcripts were consistently downregulated (log2 Fold 
change < −1, FDR < 0.05) in both 7H9 (nutrient-rich) 
and NR (stress) medium in the RNAseq experiments 
(Figure 2), however, evidence of their differential expres
sion at the protein level was not available, including 160 
genes whose protein products were not detected in the 
LC-MS/MS analysis. Only two such downregulated genes 
encoded non-coding RNAs (b11 and mcr7, log2 Fold 
change >1 and FDR < 0.05), whereas all others encoded 

Figure 3. An integrated analysis of genomic, transcriptomic, and proteomic differences between hyper-virulent strain H112 and 
phylogenetically related low-virulent strain H54.
A and B depict gene expression changes in H112 relative to H54. The up- and down-regulated genes are presented with red and blue color, 
respectively, where the intensity of the color is proportional to the expression fold difference (p-value <0.05).
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proteins. A similar pattern was also noted for 121 upre
gulated genes (FDR < 0.05) in the RNAseq experiments, 
all of which encoded proteins (Figure 2).

Differential gene expression associated with 
mutations in hyper-virulent strain

We previously reported 12 SNPs and 5 indels in hyper- 
virulent strain H112 that were shared with many other 
globally circulating hyper-virulent strains but absent from 
phylogenetically related low-virulent strain (Table 1). The 
following sections describe the links between these muta
tions and differential gene expression.

Single-Nucleotide polymorphisms
Out of 25 genes consistently differentially expressed, 
fadE5 was linked to one of the 12 previously identified 
SNP (fadE5 − 113 C >T) that was specific to the cluster 
of highly virulent ancient lineage 2 strains (Table 1) 
[13]. This gene showed consistent down-regulation of 
RNA transcript regardless of the growth conditions 
(nutrient-rich medium (7H9) (log2 fold change 
=-4.406) and stress condition (log2 fold change = >  
−3.712)) of the hypervirulent M. tuberculosis strain 
H112 and the corresponding protein was also down- 
regulated in proteomic analysis (log2 fold change = −0. 
316,649,866) as indicated in Figure 3.

Moreover, there were two hyper-virulent strain- 
specific SNPs (HigB p. D30E and Rv3371 p. A323T) 
associated with a differential transcriptional abundance 
(absolute log2 fold change >1 FDR < 0.05) but the 
corresponding proteins were not detected in proteo
mics analysis (Table 1).

Insertions/deletions (InDels)
Five genes were previously found to harbor unique 
indels in hypervirulent strain H112. However, the pro
tein products of four of these disrupted genes could not 
be detected in both strains H112 and H54 in the pro
teomics dataset, although a differential transcriptional 
abundance was noted. These genes included indels that 
were shared between H112 and other hyper-virulent 
strains, such as IS6110-mediated gene disruptions in 
pip and Rv0840c, and a 9bp hypervirulent specific in- 
frame deletion in Rv0633c (Table 1).

Mutations in the hyper-virulent strain linked to 
differential expression of downstream pathways

Functional hypervirulent strain-specific mutations (i.e. 
those linked with a differential expression) could also 
indirectly affect the expression of co-regulated genes, 
for instances, those in the same operon, metabolic 

pathway or transcription factor regulatory network. 
Associations between selected hypervirulent-specific 
mutations and expression of functionally related genes 
are described below:

Amino acid substitutions in mce1 operon: rv0178 (p. 
D150E)
The transcription of yrbE1B (encoding a membrane 
permease) is coupled with 12 other adjacent genes 
that encode an additional permease yrbE1A, six sub
strate-binding proteins (Mce1A-Mce1F), and four 
accessory proteins (Mam1A-Mam1E) which together 
constitute the mce1 operon (Rv0167-Rv0178) [16,17]. 
In M. tuberculosis strain H112, hypervirulent-specific 
mutation (D150E) was harbored in Rv0178. No differ
ential expression was observed for this gene at RNA 
and protein level. However, the transcripts of other 
genes within the mce1 operon were under-expressed 
under both nutrient-rich (median of log2 fold changes 
for all genes = > −0.79) and multi-stress condition 
(median of log2 fold changes for all genes = > −0.72), 
though the corresponding protein products were not 
detected in the mass spectrometry analysis (Figure 3).

Amino acid substitutions in higB toxin: higB (p. D30E)
HigB is encoded within a three-gene operon (Rv1955- 
Rv1957) encoding the HigB toxin, cognate antitoxin 
HigA and a conserved hypothetical protein [18]. 
Under both nutrient-rich and multi-stress condition, 
the HigBA toxin-antitoxin system was transcriptionally 
overexpressed (log2 fold change >1, FDR < 0.05), 
although the protein for neither gene was detectable 
(Figure 3). At least 22 genes are previously shown to be 
transcriptionally repressed by the endoribonuclease 
toxin HigB. Here, overexpression of higB in H112 was 
associated with a low transcriptional abundance of at 
least nine HigB regulated genes (PPE3, eccD3, irtA, irtB, 
PPE37,mbtD, mbtc, mbtB, Rv3839) in H112 under both 
nutrient-rich and multi-stress condition (median log2 
fold change >1, FDR < 0.05), however, the correspond
ing protein products were not detectable in proteomics 
experiments (Figure 3).

IS6110 insertion in pip
Pip (proline-immunopeptidase) catalyzes the release of 
proline residues from the peptides, which are recycled 
to glutamate via the proline utilization pathway 
(encoded within pruAB operon) [19]. Consistent with 
IS6110-mediated pip disruption in H112 (Table 1), the 
transcripts for rocA-rv1188, encoding proline utiliza
tion pathway, were also under-expressed although pro
teins were not detected in LC-MS/MS analysis 
(Figure 3). Metabolically, perturbations in proline and 
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glutamate biosynthesis are also linked to arginine bio
synthesis. The arginine biosynthesis cluster was over- 
expressed in hyper-virulent strain H112 under all con
ditions, although it did not reach statistical significance 
for the proteomics comparison (Figure 3).

Deletion of 2 base pairs in the intergenic region 
rv0759c-rv0760c
Our comparative whole-genome sequencing analysis 
identified 2 bp deletion at NC_000962.3 (854,259 – 
854,261), downstream of key virulence-associated 
operon phoPR [13]. phoP gene is a putative transcrip
tion regulator factor of the two-component system 
phoPR in M. tuberculosis [20]. The deletion of the 2 
bp led to the upregulation of phoP in the genome of 
hypervirulent M. tuberculosis strains across the 7H9 
and NR growth conditions (Table 1).

Discussion

In the current study, we described possible genetic mechan
isms of hyper-virulence in a clinical strain of Beijing family 
of M. tuberculosis through genomics-transcriptomics and 
proteomics comparison with a phylogenetically related 
low-virulent strain. We observed that the hypervirulent- 
specific mutations, which we identified in our previous 
study [13], were associated with an over or under- 
expression of the corresponding genes in the hypervirulent 
strain H112 relative to phylogenetically related low-virulent 
strain H54. Moreover, the expression of several virulence 
pathways, regulated by mutated gene products, was also 

remarkably different between strain H112 and strain H54, 
providing evidence that mutations in clinical strains of 
M. tuberculosis might be related to disease severity through 
over or under expression of virulence pathways.

So far, most of our knowledge on mycobacterial viru
lence is based on laboratory-adopted reference virulent 
strain M. tuberculosis H37Rv, with a limited understanding 
of how genetic diversity among clinical strains affect strain 
virulence [5,21]. A few exploratory studies that speculated 
on possible mechanisms of virulence difference among 
clinical strains reported many virulence-associated muta
tions through comparisons among strains of different phy
logenetic lineage using whole-genome-sequencing alone 
[22]. The current study presents possible mechanisms of 
increased virulence in clinical strains of M. tuberculosis 
through a unique integrative omics comparison between 
a hyper-virulent and a low-virulent clinical strain of 
M. tuberculosis that share the same phylogenetic lineage. 
The study integrated gene-expression differences with 
genetic differences and identified novel mutations asso
ciated with differential expression of virulence-associated 
genes and increased virulence in M. tuberculosis.

Notably, three mutations (rv0178 p. D150E, higB 
p. D30E and pip IS6110), which were previously iden
tified as linked to hyper-virulence in a cluster of Beijing 
family of M. tuberculosis strains [13], were shown to be 
associated with significantly differential expression of 
the downstream gene networks under their regulation 
(Figure 4).

Differential expression of higB and rv0178 is consis
tent with their previously reported role in M. tuberculosis 

Figure 4. Proposed mechanisms of hyper-virulence in the clinical strain H112 compared to low-virulent strain H54.
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virulence. For instance, Rv0178 is a component of the 
Mce-1 lipid transporter complex, which suppresses 
mycobacterial virulence and increases inflammation- 
mediated bacterial killing in mice [23]. The Mce-1 
operon works as a transporter of fatty acids in 
M. tuberculosis and facilitates the import and metabo
lism of cholesterol and fatty acids through Rv3723/LucA 
for full bacterial virulence in vivo [24,25]. On the other 
hand, the strains of M. tuberculosis with disrupted Mce-1 
operon were unable to enter a stable persistent state of 
infection in the lungs of mice and instead continued to 
replicate and killed the mice more rapidly than did the 
wild-type strain of M. tuberculosis [23]. Therefore, 
a possible reason for increased virulence of strain H112 
could be amino acid substitution (rv0178 p. D150E) 
linked to decreased transcription of all Mce-1 associated 
genes encoded within the same genetic locus.

Another mutation contributing to hypervirulence in 
H112 could be higB p. D30E, which is similar to rv0178 
p. D150E, is previously observed in several other hyper- 
virulent strains worldwide [13]. HigB (Rv1955) is the 
endoribonuclease toxin component of the tripartite 
toxin-antitoxin-chaperone (TAC) system HigB-HigA- 
SecB that cleaves mRNA for iron import genes, includ
ing the virulence-associated ESX-3 secretion system, 
and restricts bacterial growth in drug-induced persis
tence [26]. Mutation higB p. D30E could perturb auto
regulation of the TAC system. Increased transcription 
of HigB-HigA-SecB operon may result in a reduced 
abundance of target mRNA transcripts of the genes 
(PPE3, eccD3, irtA, irtB, PPE37, mbtD, mbtc, mbtB, 
Rv3839) involved in iron-import, as previously reported 
[26] and observed in this study. The disturbance of 
these genes would negatively affect iron uptake path
ways. While iron is essential for bacterial survival, 
intracellularly it must be maintained at low levels to 
overcome toxicity [27,28]. Thus, restricting iron import 
could be a mechanism of enhanced intracellular survi
vability of the hyper-virulent strain H112 by maintain
ing iron homeostasis and avoiding toxic effects.

The IS6110-mediated disruption in pip resulted in 
the transcriptional downregulation of the proline utili
zation pathway, which converts proline to glutamate 
and is encoded within the pruAB (rv1187-88) operon. 
Through the proline utilization pathway, the proline 
metabolism is also linked to arginine biosynthesis 
[29]. It was well reported that arginine biosynthesis 
plays a major role in promoting M. tuberculosis resis
tance to the interferon-ϒ-induced production of nitric 
oxide by macrophages. Interestingly, genes involved in 
the arginine biosynthesis (argB-D) were universally 
overexpressed in the hypervirulent M. tuberculosis 
H112 relative to H54. Thus, up-regulation of the 

arginine biosynthesis may be related to the hyper- 
virulence of the H112-strain to resist the nitric oxide, 
however, the H112 resistance to the nitric oxide was 
not assayed in this study and should be examined in the 
future.

Most importantly, in this study, fadE5 gene demon
strated consistent down-regulation of RNA transcript 
and protein level in both stress and exponential growth 
conditions of the hypervirulent M. tuberculosis H112. 
The fadE5 of M. tuberculosis plays a role in the catabo
lism of fatty acids, particularly in the long-chain carbon 
substrates used for lipogenesis in pathogenic mycobac
teria [30]. The regulation of abundance and chain 
length of the virulence-related lipids is vital for the 
impermeability of the mycobacterial cell envelope 
because overactive fatty acids catabolism is detrimental 
to the pathogenicity and growth of the mycobacteria 
[31]. FdmR is a TetR-family transcriptional factor that 
was recently identified as a key regulator of fadE5 and 
other genes involved in the fatty acid catabolism, and 
facilitates normal biosynthesis of lipid, and thus avoid
ing the overactive catabolism and buildup of toxic 
biological intermediates in the mycobacteria [31]. In 
the absence of the FdmR in Mycobacterium marinum, 
the bacterium was highly attenuated in both larvae and 
adult zebrafish, and demonstrated defective growth, but 
high utilization of fatty acids was noted [31], indicating 
how much the regulation of fadE5 activities is impor
tant for the intracellular growth of the pathogen. In 
another study, the expression of fadE5 was significantly 
up-regulated in M. tuberculosis strain H37Rv (fold 
change = 1.81) and H37Ra (fold change = 2.21) in intra
cellular environment compared to their respective 
growth in 7H9 broth [32], which might be the reason 
why the two strains (H37Rv and H37Ra) showed much 
lower intracellular growth and survivability in the 
macrophages than the hypervirulent M. tuberculosis 
H112 strain in our previous study [13]. Therefore, the 
downregulation of the fadE5 gene expression in our 
current study could be one of the mechanisms used 
by the hypervirulent M. tuberculosis strains for main
taining fatty acids metabolism homeostasis and 
increases its intracellular growth and virulence in its 
host.

In this study, the RNA transcripts of two non-coding 
RNAs (b11 and mcr7) were also consistently down
regulated in both 7H9 and NR conditions in the hyper
virulent strains. The mcr7 gene is used as the main 
target for PhoP in modulating the translation of tatC 
gene and thus controlling the secretion of twin-arginine 
translocation substrates in M. tuberculosis. Therefore, it 
connects the PhoPR (two-component virulence system) 
and downstream functions essential for successful host 
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infection [33]. The b11 modulates (reduces) the expres
sion of several genes (espE, panD, espF, dnaB, eccA1, 
mycP1, PE35, and MTB84) in the M. tuberculosis and 
affects its virulence [34,35]. The expression of b11 is 
stimulated by low medium PH and oxidative stress, and 
its overexpression results in the death of M. tuberculosis 
cells [34]. In the current study, the expression of the 
espF, and PE35 genes was up-regulated in the hyper
virulent M. tuberculosis strains. Hence, the down- 
regulation of the b11 may also contribute to the 
enhanced virulence of M. tuberculosis.

We also found that phoP was consistently differen
tially expressed in the hypervirulent M. tuberculosis 
strains across the 7H9 and NR growth conditions. 
The enhanced phoP potentially repressed at least 14 
genes, including pks2, pks3 that are responsible for the 
biosynthesis of acyltrehalose lipids, such as sulfolipids 
and polyacyltrehalose lipids (Figure 3). It was proposed 
that the loss-of-sulfolipid biosynthesis confers an 
advantage to the intracellular growth of 
M. tuberculosis in macrophages [36]. Our previous 
study also confirmed that hypervirulent 
M. tuberculosis strains with enhanced phoP expression 
displayed a significantly higher intracellular growth and 
survivability in macrophages [13]. Therefore, we believe 
that the mycobacterium infects macrophages and uses 
them as a carrier – like a Trojan Horse – to cross the 
blood–brain barrier (BBB) and establish infection in the 
CNS [37]. Thus, the observed expression of phoP indi
cates that hypervirulence may enable M. tuberculosis in 
causing infection in the CNS.

The current study was limited in a few aspects. 
Although a highly sensitive mass spectrometry instrument 
was used for quantitative comparison of protein abun
dance, only 30% of known M. tuberculosis proteins were 
detected in the LC-MS/MS analysis, owing to the limita
tions of current data-dependent acquisition methods in 
proteomics [38], which made it infeasible to confirm 
protein expression difference between the two strains for 
many protein-coding genes in M. tuberculosis. 
Nevertheless, accurate and reproducible measurements 
of gene expression differences were ensured by recording 
transcript abundance in duplicate under two experimental 
conditions using RNA sequencing and results were con
firmed using qRT-PCR. Another limitation of the study is 
that experiments were not conducted to determine 
a definitive causative role of described mutations in mod
ulating gene expression and virulence. Associations 
described in the current study should therefore be vali
dated in the future by replacing mutant alleles in the 
hyper-virulent strain with wild types using techniques of 
genetic recombination [39]. Gene expression and viru
lence of the recombinant strain should be subsequently 

compared to hyper-virulent strain, as described in pre
vious [13] and the current studies, where a change might 
indicate the contribution of the mutant allele in modulat
ing gene expression and virulence.

Conclusions

Using an integrated genomics-transcriptomics and pro
teomics approach, the study identified novel associa
tions between genetic mutations and differential 
expression of virulence-associated genes and increased 
virulence in a clinical strain of M. tuberculosis. This 
improves our fundamental understanding of the geno
type–phenotype relationship in M. tuberculosis, which 
is much needed to develop new drugs and vaccines 
against TB [5,21]. The results indicated that mutations 
specific to a cluster of hyper-virulent M. tuberculosis 
strains [13] might be related to increased virulence by 
modulating the expression of virulence-associated path
ways, an important lead that needs to be validated 
further in the future studies using techniques of genetic 
recombination in M. tuberculosis.

Materials and methods

Bacterial strains

The experiments with viable M. tuberculosis were per
formed in a biosafety level 3 laboratory. The study was 
ethically approved by the Institutional Review Board of 
the Hong Kong Polytechnic University (Ref. number: 
RSA15096). A hypervirulent clinical strain 
M. tuberculosis H112 and a low-virulent strain 
M. tuberculosis H54 that share the same phylogenetic 
lineage were selected in this study. The virulence and 
phylogeny of these strains have been described in pre
vious studies [12,13]. Briefly, M. tuberculosis H112 was 
isolated from an HIV-negative tuberculous meningitis 
patient in Hong Kong. M. tuberculosis H112 demon
strated enhanced intracellular survival in macrophages 
relative to 123 clinical strains. On the other hand, 
M. tuberculosis H54 demonstrated limited survival in 
macrophages and was isolated from pulmonary tuber
culosis patient. Both H112 and H54 are members of 
M. tuberculosis lineage 2.2.1.

Medium and culture conditions

For each M. tuberculosis strain, duplicate cultures were 
grown to log phase in Middlebrook 7H9 broth supple
mented with 10% oleic-albumin-dextrose-catalase 
(OADC) growth supplement, 0.2% glycerol, and 
0.02% tyloxapol. RNA was isolated from one of the 
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cultures, while the other was pelleted down, washed 
with phosphate-buffered-saline (PBS), and resuspended 
in a multi-stress non-replicating (NR) medium with 
simultaneous exposure to multiple physiological stres
ses, including acidic pH, limited nutrients, nitrosative 
stress, and hypoxia, which mimic the growth condition 
of M. tuberculosis during macrophage challenge. The 
composition of the NR medium is detailed in previous 
study [40]. Briefly, it comprised of a modified Sauton’s 
base medium (0.5 g/L potassium dihydrogen phos
phate, 0.5 g/L magnesium sulfate, and 0.05 g/L ammo
nium citrate) with 10% albumin-NaCl, 0.02% tyloxapol, 
0.0001% zinc sulfate, 0.1% ammonium chloride, 0.05% 
butyrate, and 0.5 mM sodium nitrite with pH adjusted 
to 5.0. The cells were incubated in the NR medium for 
72 h and processed for RNA isolation subsequently. 
The entire experiment was repeated twice.

Comparative genomics

The details of the comparative genomics between H112 
and H54 have been described previously [13]. Briefly, 
the whole-genome-sequence of both strains was deter
mined using PacBio sequencing technology and de 
novo assembled into a single contig. A multiple core- 
genome alignment was constructed using complete 
genomes of H112, H54 and 20 other genomes repre
sentative of all major lineages of M. tuberculosis. SNPs 
and insertions/deletions specific to H112 and H54 were 
extracted based on the multiple-genome-alignment and 
annotated with respect to the reference genome 
M. tuberculosis H37Rv (NC_000962.3). The complete 
genome sequence of H112 and H54 are available from 
the NCBI BioProject accession PRJNA369711.

RNA sequencing

RNA isolation
Before RNA isolation, the cultures were treated with 
Bacteria RNA protect reagent (Qiagen, USA) to stabi
lize the gene expression profile. The cells were lysed by 
treatment with lysozyme (100 mg/ml), proteinase k (20  
mg/mL), followed by mechanical lysis using Tissue 
Lyser II (Qiagen). The total RNA was purified from 
the cell lysates with RNeasy Mini Kit (Qiagen, USA) 
according to the manufacturer’s instructions. The iso
lated RNA was treated twice with RNase-free DNase 
(Qiagen, USA) to remove any residual genomic DNA. 
As a quality control step, the integrity of the RNA was 
assessed using Agilent RNA 6000 Nano kit (Agilent 
Genomics, USA). The 23S/16S ratio was equal to 1 
and RNA integrity number (RIN) was greater than 7.0.

Library preparation and RNA-sequencing
A total of 5 μg RNA was treated with DNase I (New 
England BioLabs, USA). The total RNA was depleted of 
the ribosomal-RNAs (rRNA) using Ribo-Zero- 
Magnetic-Kit (epicenter). The rRNA-depleted RNA 
was fragmented into 130–170 nucleotides and tran
scribed into cDNA using Superscript II (Invitrogen, 
USA). The cDNA was then poly-adenylated and ligated 
to the sequencing adapters. The resulting libraries were 
quantitated by real-time quantitative PCR (qPCR) and 
amplified on the cBot for cluster generation (TruSeq PE 
Cluster Kit v3-cBot-HS). The libraries were sequenced 
paired-end (90nt × 20) on a HiSeq-2000 machine 
(Illumina).

Differential gene expression analysis
Raw RNA-sequencing reads with a Phred-scaled quality 
score greater than 20 were aligned to the reference 
genome M. tuberculosis H37Rv (NC_000962.3) using 
Bowtie 2 [41]. The number of reads mapped to anno
tated features (n = 4,008) in the reference NCBI 
GenBank assembly GCF_000195955.2 was counted 
using feature-count. The read counts were normalized 
using DESeq2 [42]. Fold-changes with a false-discovery 
rate (FDR) less than 0.05 were considered significantly 
differentially expressed.

Label-Free quantitative proteomics

Protein extraction
A total of 30 mL of bacterial cultures were grown to 
logarithmic phase in Middlebrook 7H9 broth (Becton 
Dickinson, USA) supplemented with 10% (v/v) Oleic 
acid-albumin-dextrose- catalase complex (Becton 
Dickinson, USA), and 0.05% (v/v) tween-80. The bac
terial cells were centrifuged (5,000 g, 10 min) and the 
culture medium was discarded. The cell pellet was re- 
suspended into 1 mL of protease inhibitor cocktail 
(Roche, Germany) and transferred to a VK01 tube 
(Bertin Technologies, France) for mechanical lysis. 
The bacterial cells were lysed by beat beating at max
imum speed for 5 min in a Tissue lyser II (Qiagen, 
USA). The cell lysate was centrifuged (14,000 g, 15  
min) and the supernatant was transferred to a clean 
tube for protein extraction.

A total of 100 µL of the bacterial cell lysate was 
processed for the methanol-chloroform (4:1) protein 
extraction method as described previously [43]. The 
extracted protein amount was quantified using 
Bradford protein assay (Bio-Rad, USA). 10 µg of pro
tein from each sample was reduced with 100 mM 
Dithiothreitol (Sigma, USA), alkylated with 400 mM 
Iodoacetamide (Sigma, USA) and digested with 
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sequencing-grade trypsin (Promega, USA) at a ratio of 
1:40 (trypsin: protein) overnight at 37°C. The digested 
peptides were desalted on a pierce C18 spin column 
(Thermofisher Scientific, USA) and dried in a speed 
vac. The samples were resuspended in 0.1% (v/v) for
mic acid and subjected to mass-spectrometry analysis.

Data acquisition
The MS/MS spectra was acquired in a positive ion 
mode in a data-dependent manner on an Orbitrap 
Fusion Lumos Mass Spectrometer (Thermofisher 
Scientific, USA) coupled to a liquid chromatography 
instrument UltiMate 3000 RSLCnano (Thermofisher 
Scientific, USA). The liquid chromatography instru
ment was equipped with a reverse phase C18 column 
for fractionation of the peptides before being analyzed 
in the mass spectrometry instrument. In the mass spec
trometry instrument, the MS/MS analysis was con
ducted through a survey MS1 scan in the mass range 
400 to 1,400 m/z, followed by the selection of the 10 
most abundant ions for MS/MS fragmentation analysis. 
The fragmentation of precursor ions was achieved 
through collision-induced dissociation (CID). For 
each parent ion, the maximum signal accumulation 
time was 100 ms before being dynamically excluded 
for 12 secs and reconsidered.

Data analysis
Raw spectra were imported into the Progenesis QI soft
ware (Nonlinear dynamics, UK). For normalization and 
peak calling, one of the samples was selected as the 
reference and all other samples were aligned against 
it. A list of peptide ions with significantly different 
normalized peak intensities between the two groups 
was obtained, which was then annotated through pep
tide searches against the reference proteome of 
Mycobacterium tuberculosis H37Rv (NC_000962.3) 
using the Mascot server (Matrix Science, UK). The 
Mascot parameters for peptide searches were set as up 
to one missed trypsin cleavage, fixed post-translational 
carbamideomethyl modification of the cysteine resi
dues, variable oxidation of the methionine, +2 or + 3 
charges of the peptide ions and up to 0.6 Daltons mass 
error tolerance. The false discovery rate (FDR) was 
computed by setting a decoy database. Peptide identi
fications with FDR greater than 1% were excluded. The 
Mascot annotations were imported into the Progenesis 
QI software and proteins with differentially abundant 
expression (adjusted p-value <0.05) between the two 
groups were identified. Proteins were only considered 
differentially abundant if more than one peptide led to 
the significant difference.

Quantitative reverse-transcriptase 
polymerase-chain-reaction

For qPCR validation of RNA seq results, a set of seven 
genes were selected for their association with an H112- 
specific mutation and for their considerable expression 
difference between H112 and H54 (fold change greater 
than two) to be reliably quantified using qPCR assays. 
For an accurate qPCR-based gene expression analysis, 
all PCR primers were designed to match PCR amplifi
cation conditions with rrs (Table S1), the housekeeping 
gene used to normalize the cycle threshold values. The 
primers used for qPCR are listed in Table S1. A two- 
step qPCR strategy was used with 100 ng of total RNA 
as the starting material. The complementary DNA 
(cDNA) synthesis was primed with 50 μM random 
hexamers (New England Bio Labs, USA) and 10 mM 
of each dNTP was also added to this mixture. The 
RNA-primer mix was heated at 65°C and cooled on 
ice for 1 min. The reverse-transcription (RT) reaction 
was setup in a 20 µL volume with 200 units of 
Superscript IV (Invitrogen, USA), 100 mM 
Dithiothreitol, and 13 μL of RNA primer-mix. The RT 
reaction was incubated at 55°C for 10 min and inacti
vated by heating at 80°C for 10 min in a Veriti Thermal 
Cycler (Applied Biosystems, USA).

Subsequently, singleplex qPCR reactions were set up 
in a 96-well plate. The PCR reaction contained 0.3 µM 
of each primer (forward and reverse), 5 µL of cDNA, 
and 25 µL Universal SYBR Green master mix (Roche) 
in a total volume of 50 µL. The PCR reactions were 
transferred to Roche LightCycler480 machine with 
cycling conditions set as follows: an initial enzyme 
activation of 10 min at 95°C followed by 40 cycles of 
15 sec denaturation at 95°C and real-time quantifica
tion for 1 min at 60°C The cycle threshold (Ct) values 
were normalized to rrs and fold-changes were calcu
lated using the 2−ΔΔCT method as described pre
viously [44].
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