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Abstract

Motivation: Tuberculosis (TB) remains one of the main causes of death worldwide. The long and cumbersome pro-
cess of culturing Mycobacterium tuberculosis complex (MTBC) bacteria has encouraged the development of specific
molecular tools for detecting the pathogen. Most of these tools aim to become novel TB diagnostics, and big efforts
and resources are invested in their development, looking for the endorsement of the main public health agencies.
Surprisingly, no study has been conducted where the vast amount of genomic data available is used to identify the
best MTBC diagnostic markers.

Results: In this work, we used large-scale comparative genomics to identify 40 MTBC-specific loci. We assessed their
genetic diversity and physiological features to select 30 that are good targets for diagnostic purposes. Some of these
markers could be used to assess the physiological status of the bacilli. Remarkably, none of the most used MTBC
markers is in our catalog. Illustrating the translational potential of our work, we develop a specific qPCR assay for
quantification and identification of MTBC DNA. Our rational design of targeted molecular assays for TB could be
used in many other fields of clinical and basic research.

Availability and implementation: The database of non-tuberculous mycobacteria assemblies can be accessed at:
10.5281/zenodo.3374377.

Contact: icomas@ibv.csic.es

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Tuberculosis (TB) is the most lethal infectious disease caused by a
single agent, namely bacteria belonging to the Mycobacterium tuber-
culosis complex (MTBC) (World Health Organization, 2017).
Whereas isolating the bacteria from clinical specimens is a time-
consuming process, rapid molecular tests have the potential to iden-
tify the pathogen DNA in a few hours (Eddabra and Benhassou,
2018; Machado et al., 2018). Over the years, many different mo-
lecular assays have been developed for the specific detection of
MTBC and its differentiation from non-tuberculous mycobacteria
(NTM) (Chin et al., 2018). Most of these assays are based on the
PCR amplification of genomic targets that are thought to be specific

to the MTBC, like the insertion sequence IS6110, or rely on the de-
sign of specific primers that amplify conserved bacterial regions
such as the rpoB or rrs genes. Most of these markers were identified
in the nineties and have not been evaluated in the light of current
genomic databases. In addition, several shortcomings are known for
the different assays targeting current MTBC markers, being of spe-
cial concern the lack of specificity and sensitivity (Chin et al., 2018).

The development of new molecular tools for TB diagnosis is an
active area of research, with many companies involved, looking for
the endorsement of the World Health Organization (WHO) (Pai
et al., 2016). The most successful example has been the Xpert MTB/
RIF test (Cirillo et al., 2017), which was endorsed by the WHO back
in 2010 for TB diagnosis and recommended as the first-line diagnostic
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in 2017 (WHO, 2017). The Xpert assay amplifies a conserved region
within the rpoB gene to detect both MTBC DNA and drug resistance
mutations to rifampicin. With the aim of improving its sensitivity, the
new Xpert MTB/RIF Ultra assay also amplifies the MTBC insertion
sequence IS6110 and IS1018. However, these insertion sequences
were described as MTBC-specific decades ago (Collins and Stephens,
1991; Thierry et al., 1990) and several studies have shown them to be
present in non-MTBC organisms while some MTBC strains are
known to lack any copy (Liébana et al., 1996; Müller et al., 2015;
Pérez-Osorio et al., 2012; Roychowdhury et al., 2015). The fact that
the novel assays developed are still based on the amplification of loci
that are not specific to the MTBC, highlights the need for the discov-
ery of novel and specific MTBC targets.

Analyzing omic data has been proven to be an effective strategy
for the identification of species-specific markers in several organisms
(Buchanan et al., 2017; Carmona et al., 2012; Carrera et al., 2017;
Koul and Kumar, 2015; Wang et al., 2017; Zozaya-Valdés et al.,
2017). In the field of TB, large-scale omic studies have been con-
ducted to identify new biomarkers that are present in patient sam-
ples as response to TB infection and genetic markers that are
associated with drug-resistance (Cui et al., 2017; Drouin et al.,
2016; Ezewudo et al., 2018; Groote et al., 2017; Walzl et al., 2018).
In contrast, comparative genomics studies identifying MTBC-specif-
ic loci have been scarce and based either on limited Mycobacteria
genome databases or on selection criteria that does not assure speci-
ficity (Kakhki et al., 2019; Zhao et al., 2014). Furthermore, none of
the approaches have analyzed the genetic diversity of the markers
using a representative global collection of MTBC strains, a key fea-
ture for a universal diagnostic target.

Here, we perform a large-scale comparative genomic analysis to
provide a catalog of MTBC-specific loci that will be of great utility
for the scientific community working on the development of new re-
search and clinical tools for TB. We assess the global diversity of
each MTBC-specific gene among a comprehensive dataset of more
than 4700 MTBC strains, spanning all known lineages in which
MTBC is divided, showing the value of using the genomic data to
identify the best targets for diagnostic assays. We found that the
main MTBC markers used up to date are also present in other
organisms, mainly NTM. As a proof of concept, we develop a qPCR
assay capable of quantifying MTBC DNA with 100% specificity.

2 Materials and methods

2.1 In silico identification of MTBC-specific diagnostic

gene markers
To identify MTBC-specific loci, we used blastn (Altschul et al.,
1990) to look for all the genes of the M.tuberculosis reference strain
H37Rv (NC_000962.3) in the NCBI nucleotide non-redundant
database (accessed October 2018) and a custom database compris-
ing 4277 NTM assemblies (Supplementary Methods S1). We filtered
the results with a set of stringent parameters that allowed us to pro-
vide a diverse catalog of MTBC-specific loci. We focused on the
identification of loci having large fractions with no homology out-
side the MTBC or alignments with low identities, thus enabling the
development of highly specific molecular assays minimizing the risk
of cross-reaction. We analyzed loci instead of genomic fragments as
they are functional units that tend to be more conserved across
MTBC strains. We kept loci that aligned with query coverages
below 60% and identities lower than 80%. In addition, we also
kept genes with query coverages below 25% disregarding the
identity of the alignment. In this way, we retained loci containing
conserved domains across species but with no global match with
genes of other species. Finally, we only considered loci that were
present in all the species of the MTBC species genomes in the
database.

Once we identified the MTBC-specific loci, we assessed their
genetic diversity in circulating MTBC strains. To do this, we ana-
lyzed the polymorphisms [single nucleotide polymorphisms (SNPs)
and indels] observed at each position across a dataset comprising
4766 genomes of MTBC strains (Chiner-Oms et al., 2019). In the

case of indels, we only considered positions showing an indel in at
least 10 strains (0.2% of the database) to avoid the noise introduced
by single-strain indels spanning large genic regions. Finally, we
looked for available information of these genes in the bibliography,
what allowed us to discard some candidates based on their genomic
context and provide extended information about their physiology.
We gathered transcriptomic and proteomic data derived from differ-
ent published studies: transcriptomic data in response to overexpres-
sion of 206 transcription factors (Turkarslan et al., 2015), different
genotoxic stresses (Namouchi et al., 2016) and response to nitric
oxide stress at different time-points (Cortes et al., 2017), as well as
proteomic data in response to nutrient starvation (Albrethsen et al.,
2013).

2.2 Set-up of a MTBC-specific qPCR assay for DNA

detection and quantification
We selected one of the MTBC-specific targets to set up a qPCR assay
for the detection and quantification of MTBC DNA. To select the
target for the assay, we took into consideration the number of poly-
morphisms per base, the absence of high-prevalent polymorphisms,
the gene length and its genomic context. We designed the primers
and probes for the assay using the web tool Primer-BLAST
(Ye et al., 2012). The qPCR assay consisted on the amplification of
a 65 bp region within the Rv2341 gene using the following primers:
Forward-GCCGCTCATGCTCCTTGGAT, Reverse-AGGTCGGTT
CGCTGGTCTTG, Probe-TGAGTGCCTGCGGCCGCAGCGC.

To test the specificity of the assay, we performed qPCR experi-
ments with DNA from different MTBC lineages selected from the
MTBC reference dataset described in (Borrell et al., 2019), human
DNA, a mock sample with mixed DNA from 20 different bacterial
species and 15 different species of NTM (Supplementary Methods
S2 and S3). All assays were done per triplicate and with an initial
DNA concentration of 0.5 ng/ul. In addition, we evaluated the per-
formance of the assay detecting MTBC DNA in a small test set of
clinical samples. We used DNA extracted from 12 homogenized
sputum samples from confirmed TB patients, two of them with
negative smear microscopy (see ethics statement in Supplementary
Material). The reaction efficiency was calculated with decreasing
concentrations of H37Ra DNA.

3 Results

3.1 A catalog of MTBC-specific markers
We identified 40 genes to be uniquely present in members of the
MTBC according to our filtering parameters (Fig. 1). The median
number of SNPs per base (across 4766 MTBC strains) was 0.07,
with some of these genes showing either higher or lower diversities
(up to 0.10 and 0.04 SNPs/base, respectively). Importantly, although
most of the polymorphisms analyzed were strain-specific, we
observed high prevalent polymorphisms as well (Fig. 1,
Supplementary File S1). For instance, Rv0610c showed a SNP pre-
sent in 4182 strains and Rv2823c showed an insertion in 4345
strains. Analysis of the phylogenetic distribution of these polymor-
phisms confirmed that they mapped to deep branches in the phyl-
ogeny. For example, the SNP in Rv0610c affected all modern
lineages (L2, L3, L4).

Among the initial 40 MTBC-specific genes, 9 were discarded as
potential diagnostic markers since they were included in large gen-
omic deletions known as regions of difference (RD) 182 (Rv2274c)
and RD 207 (Rv2816c-Rv2820c) (Gagneux et al., 2006) or were in
variable genomic regions associated with CRISPR elements
(Rv2816c-2823c) (Freidlin et al., 2017). Another gene, Rv3424c
was also discarded as we found it to be duplicated in a labile genom-
ic region, between the transposase of the insertion sequence IS1532
and PPE59. Therefore, the curated list of MTBC-specific diagnostic
markers finally consisted of 30 genes (Fig. 1).

When looking at published transcriptomic and proteomic data,
we found that Rv2003c, Rv2142c and Rv3472 proteins are pro-
duced in greater levels (6.19, 3.6 and 100-fold, respectively) when
the bacteria is subjected to starvation. Interestingly, Rv2003c is also
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observed to be overexpressed upon treatment with nitric oxide
(Supplementary File S2).

3.2 A specific qPCR assay for MTBC DNA quantification
Based on our genomic analysis, we set up a qPCR assay targeting
the Rv2341 gene. This gene, described as ‘probable conserved lipo-
protein lppQ’ in the Mycobrowser database (Kapopoulou et al.,
2011), is situated in a stable genomic region, between the asparagine
tRNA and the gene of the DNA primase. As shown in Figure 1, we
were able to design an optimized set of primers avoiding prevalent
polymorphisms.

The specificity of the assay was 100% since no cross-reaction
was observed with non-MTBC samples. Fluorescence was occasion-
ally detected for some non-MTBC samples in cycles beyond Cq 35
(Fig. 2a). This only happened for 1/9 replicates of the mock bacterial
DNA and 16/135 replicates of NTM. Importantly, no NTM sample
amplified consistently between replicates, indicating that

Fig. 1. The 40 MTBC-specific loci. Gene names in red indicate the 10 loci that were discarded as diagnostic markers for being within RD (Rv2274c and Rv2816c-2820c), asso-

ciated to CRISPR (Rv2816c-2823c) or duplicated in the genome (Rv3424c). Concentric circles represent different genetic diversity metrics. Outer heatmap: number of SNPs

per base. Blue circle: prevalence of each SNP of each gene across the database of MTBC strains. Inner, red circle: prevalence of each indel of each gene across the database of

MTBC strains. Note that both inner circles have two scales, one from 0 to 300 strains and other from 300 to 4800 strains. The region of the Rv2341 gene amplified in our

qPCR assay is indicated in light yellow. RD 182 and 207 are clearly detected in our analysis, indicated as contiguous deleted regions in a high number of strains.

Fig. 2. (a) Cq values for MTBC samples of different lineages, sputum samples from con-

firmed TB patients, and non-MTBC samples. (b) Standard curve for the assay with

decreasing concentrations of pure H37Ra DNA (from 10 ng/ul to to 1e–5 ng/ul). The re-

action efficiency was of 100% (2.01). In both panels (a) and (b) points represent the

mean Cq value of the three sample replicates in each of the three replicated experiments
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fluorescence in late cycles are not due to non-specific amplifications
but likely to cross-contamination or qPCR artifacts. As shown, the
sensitivity of the assay in our small test set was of 100%, since we
were able to detect MTBC DNA in all TB patient sputa, including
two confirmed TB cases with a negative smear microscopy
(Supplementary File S3). The standard curve using purified H37Ra
DNA showed an efficiency of the reaction of 100% (2.01) with a
limit of detection of 10fg (at Cq 34.43), hypothetically correspond-
ing to two genome equivalents (Fig. 2b). Based on these observa-
tions, any result beyond Cq 35 should be considered negative and,
therefore, the final setup of our qPCR assay consists in 35 amplifica-
tion cycles.

4 Discussion

Identification of MTBC markers has been an active area of research
over the last decades. It is striking that, for such a relevant disease,
for which tons of genomic data are already available, the identifica-
tion of MTBC-specific genes had been relegated to the background.
So far, efforts have been focused on the design of MTBC-specific
primers and the optimization of assay conditions based on targets
identified even decades ago. Recently, Lei Zhou et al. analyzed one
loci widely distributed across mycobacteria, the ku gene, against a
database of more than 7000 genomes and assessed its suitability to
identify several mycobacteria species including MTBC (Zhou et al.,
2019). Other works have developed molecular assays based on tar-
gets that are claimed to be MTBC-specific, with some of them also
trying to identify MTBC-specific loci by using different strategies,
including comparative genomics (Kakhki et al., 2019; Zhao et al.,
2014). However, the targets described until now are far from specif-
ic (Supplementary File S6), most likely due to the limited datasets
analyzed and permissive selection criteria.

Our analysis addresses these limitations by analyzing large gen-
omic datasets and using stringent selection criteria to provide a di-
verse catalog of highly specific MTBC targets to be used by
developers of novel molecular assays for TB. Importantly, compared
with previous efforts, we also analyzed the genomic diversity of
these targets across thousands of strains from all known MTBC line-
ages, since the conservation of the targets is a key feature to ensure
the reproducibility of the diagnostic tests across clinical settings.
Additionally, we found that some of the markers that we identify
could be targeted to determine the physiological status of MTBC
bacteria under certain conditions. For example, Rv2003c, overex-
pressed during starvation and upon treatment with nitric oxide
(Albrethsen et al., 2013; Cortes et al., 2017), is also up-regulated
during dormancy (Hegde et al., 2012). Similarly, Rv1374c contains
a small RNA that is highly expressed during exponential growth
(Arnvig et al., 2011), and hence might be used to evaluate the repli-
cative state of the bacilli.

Strikingly, none of the markers considered to be MTBC-specific
up to date and included in most diagnostic tests are in our list of
unique MTBC genes. For instance, when examining in which species
the IS6110 can be found, we observed several non-MTBC organ-
isms, including 14 NTMs, carrying at least 1 copy. The same is true
for IS1081 and mpt64, present in 38 and 6 NTM, respectively
(Supplementary Files S4 and S6).

To illustrate the translational potential of our work, we devel-
oped a proof-of-concept qPCR assay capable of quantifying MTBC
DNA with 100% specificity and a sensitivity up to 2 genome copies.
However, its use as a diagnostic tool would require additional evalu-
ations and optimizations with larger sets of samples to ensure the ro-
bustness of the assay and to maximize its sensitivity. It is important
to note that the aim of our work was not to compare our assay with
current diagnostic tests but to provide novel targets for future ones.

Here, we use the genomic data available for a rational,
evolutionary-guided, design of a targeted assay for TB. However,
this strategy could be used for many other organisms and applica-
tions. When possible, the development of next-generation molecular
assays should be guided by comprehensive analyses that integrate
the data available for each organism.
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