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Abstract

Background
Tuberculosis (TB) is a global public health issue, getting worse due to emergence of resistance.
Pyrazinamide (PZA) is first-line antimicrobial drugs used against non-replicated Mycobacterium
tuberculosis (MTB). Data is scarce about whole genome sequencing of PZA resistance (PZA-R) in Khyber
Pakhtunkhwa (KP) province of high burden country, Pakistan. In the current study we aimed to find the
most common mutations in PZA-R MTB isolates in association with other candidate genes in a whole
genome sequence (WGS). Samples were collected from TB suspects and drug susceptibility testing
(DST) was performed according according to the WHO standards. The resistant samples were subjected
for whole genome sequencing (WGS). The sequence data was through MTBseq and Total Genotyping
Solution for Mycobacterium tuberculosis (TGS-TB). Metabolic model was analyzed, using RAST server.

Results
Among the three whole genome sequences, (NCBI BioProject Accession: PRJNA629298, PRJNA629388)
1997, 1162, and 2053 mutations including indel, was detected. Diverse variability has been detected in
the membrane proteins PE and PPE, modulating the host immune response. Nine mutations in coding
and promotor region have been detected in pncA with one novel (T-4C) variants. Mutations in the other
drug candidate genes, KatG, rpoB have also been detected.

Conclusion
The metabolic model shows a distinct property. Diversity of variants has been detected in majority of
MTB essential genes, functions from cell growth to cell signaling. The current study provides useful
information, associated with geographic specific strains for biomarkers development and better
management of drug resistance isolates.

Background
Tuberculosis (TB) is a global public health issue, getting worse due to emergence of resistance against
first and second-line drugs. Under Directly observed treatment, short-course (DOTS), TB takes 6 to 8
months while the treatment of drug resistance takes a variable length of time upto 28 months depending
upon drug resistance profile of bacilli [1, 2].

The most common mechanism behind drug resistance has been accounted as mutations in the target
proteins [3–11]. Among the first line anti-TB drugs, pyrazinamide (PZA) is the only drug which effective
against latent Mycobacterium tuberculosis (MTB). Resistance to pyrazinamide (PZA) has been
associated with pncA encoded Pyrazinamidase (PZase) in more than 70% cases [12–14]. Three regions
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in PZase 3 to 17, 61 to 85, and 132 to 142 has been associated with catalytic activity [14, 15]. Another
minor cause of resistance has been associated with RpsA mutations [2, 19–25]. Residues in the fourth
domain, have been associated with catalytic conversion of PZA into the active form pyrazinoic acid
(POA).

Although in our recent studies, the prevalence and mechanism of PZA resistance behind mutations in
pncA and rpsA have been investigated, [19, 28–31] however, whole genome sequencing (WGS) is one-
stop method for epidemiological and molecular study of drug susceptibility testing. The potential clinical
value and public health impact in the areas of DST for patient management and tracing of transmission
chains for timely public health intervention have also been discussed [32–34]. The next-generation
sequencing (NGS) is more affordable, fast, screening approach which allows for genetic variation in
geographic specific MTB isolates. The WGS assists in phylogeny of the global distribution and tracing of
transmission chains [35–38].

Numerous studies have highlighted the importance of WGS in the fields to record mutation rate,
resistance, novel drugs, and evolution of the Mycobacterium tuberculosis complex (MTBC) [32, 34, 39–
41]. The WGS lets for the examination of diverse mutations in the genome of circulating isolates in the
geographic specific location conferring variations in pathogenicity and resistance. Mutations level as well
as their occurrence inside and outside coding regions depicts the overall pathogenic variation among the
circulating isolates that could be recognized from entire sequencing of genomes. The finding of novel
targets, and their involvement in drug resistance could be accessed through mutations from entire
genomes. The genome sequences may help to unveil the genetic variations in coding regions which are
not directly confer resistance (Compensatory mutations) but rather compensate for the fitness cost of
resistance [42]. In previous studies, we have investigated the PZA drug sensitivity testing (DST) followed
by sequencing to find mutations in pncA and rpsA genes associated with PZA-resistance [19, 43]
(Accession No. MH461111). In the current paper, we aimed to analyze the whole genome of PZA-R MTB
to investigate the mutations in pncA, rpsA, panD, and other candidate genes along with the diversity of
variations in the circulating isolates for better management of TB in this high burden area.

Results
Analyzing whole-genome sequencing data of MTB isolates enables both comprehensive antibiotic
resistance, summarizing, outbreak surveillance, and also the identification of recent transmission chains.
A total of five WGS results were analyzed, however, the two samples (ba1, ba2) were not suitable to be
analyzed broadly through MTBSeq pipeline. Therefore, three samples (ba4, ba5, ba9) have been
investigated comprehensively (NCBI BioProject Accession No: PRJNA629298, PRJNA629388). Large
number of variants have been detected in majority of important genes including antituberculosis drug
targets (Fig 1). Majority of these variant were single nucleotide polymorphism including synonymous and
non-synonymous. However, insertion and deletion were also detected in significant numbers. About one
over third part of whole genome (about 4000 genes) harbored mutations.
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Mutations in drug targets

Mutations in pncA, rpsA and other first-line drug targets in coding as well as in promotor region have been
depicted in table 1, 2, and 3.

The PZA-R samples harbored numerous mutations in the drug target genes. Sample Ba-1 has four
promotor region mutation with one novel (T-4C) which has not been reported earlier. NGS strain typing
could offer Mtb outbreak and surveillance. The genotype information obtained may help for better
management of local TB infections.

Table 1. Mutations detected in the pncA, rpsA genes of PZA resistance isolates.

Sample PncA Mutation rpsA Mutation Location Lineage literature

  T-11C

A-7C

A-12T

T-4C

Nil promoter 4 Reported

Reported

Reported

Novel

Ba-2   Indel (s) found   4  

Ba-4 L120R

 

Nil Coding 3 Reported

Ba-5 G97D

392-Indel: ACC/ACCCC

Nil Coding 4 Reported

Ba-9 V130G Nil coding 4 Reported

 

Mutations in the other antituberculosis drug targets have been detected (Table 2). The rpoB gene
encoding the β-subunit of RNA polymerase, has been associated with rifampicin resistance caused by
mutations in the 81-base pair region. In the current study four non-synonymous mutations has been
detected in the β-subunit of RNA polymerase. SNPs S450L and D435Y, associated with RIF resistance,
were outside RRDR of rpoB gene and rare in the previous studies. Among the isoniazid resistance, katG,
S315T was a common mutation in all the three samples while inhA promoter region mutation were also
detected. A total of 1996 variants have been detected in the resistance samples (Table 3), among which
188, 336, and 1472 were insertion, deletion, and SNPs respectively.

Table 2 Mutations detected in first-line drug targets
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Sample Phylo Drug Resistance Gene Mutation

ba4 Lineage 3 Rifampicin SNP764817 TG=rpoC V483G

Isoniazid SNP1673425 CT inhA promoter

Isoniazid SNP2155168 CG=katG                   S315T

Ethambutol SNP4247429AC=embB               M306L

Rifampicin (RRDR) 761155CT=rpoB            S450L

Fluoroquinolones (QRDR) 7582AG=gyrA      D94G

ba5 Lineage 4 Rifampicin (RRDR) 761155CT=rpoB           S450L

Isoniazid SNP2155168CG=katG                 S315T

Ethambutol SNP4247431GA=embB              M306I

Fluoroquinolones (QRDR) 7570CT=gyrA       A90V

ba9 Lineage 3 Rifampicin (RRDR) [761109GT=rpoB           D435Y

Streptomycin SNP1472359AT=rrs              S172C

Isoniazid mutation -15 SNP1673425CT inhA promoter

Isoniazid SNP2155168CG=katG                  S315T

Ethambutol SNP4247431GC=embB              M306I

 

Table 3. Bases comparison altered in PZA-R isolate and types of polymorphism

Ref Sequence (H37Rv) PZA-R sequences SNP Type

Base Frequency Base Frequency Type Freq

A 411 GAP 336 Insertion 188

T 413 T 353 Deletion 336

G 555 A 359 SNPs 1472

C 617 C 471 Total 1996

    G 477    

    Total mutations 1996    
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Sample ba9 and ba5 is unique among the other. The length and branch are also unique in pattern in the
phylogenetic tree (colored red). Phylogenetically the sequenced MTB strains showed a unique
characteristic, where the spoligotypes pattern is also novel in this study as shown in figures 2, 3, 4. The
resultant pattern may have more or less severe drug resistance. However, these strains should be
investigated through phenotypical DST to find it minimum inhibitory concentration against first and
second-line drugs.

The subsystem difference has been shown through arrow pointing. Interestingly in majority of
subsystems, the MTB isolates circulating in Khyber Pakhtunkhwa geography shows a little high number
of protein/genes as compared to reference (H37Rv). The metabolic model in the figure 4 has clearly
shown the difference between PZA-R and H37Rv suggesting the distinct metabolic characteristics of
isolates circulating in this geography.  

Circular diagrams have been generated through CGViewer server is shown (Figure 5) in comparison with
reference genome. The genomic size of the MTB isolates circulating in this geography is more than the
reference H37Rv. The CGView generates graphical maps of circular genomes. Sequences can be supplied
in raw, FASTA, GenBank or EMBL format. The server uses BLAST to compare the primary sequence to
compare genomes or sequence sets. The BLAST results are converted to a graphical map showing the
entire sequence. The CGView Server can aid in the identification of conserved genome segments and
differences in gene copy number [49].

Diversity of variation in ESX

A large number of synonymous and non-synonymous mutations have been detected in ESX secretory
system proteins (ESX-SSP) (Table 4). However, the effect of these mutations on virulency is needed to be
investigated. Mutation colored yellow (Table 4) have been reported earlier [50] present in Beijing strains,
where they have been characterized. The presence of such diverse type of mutations in drug resistance
strains might be important of geographic specific diversity in ESX secretory system proteins. Six regions
have been identified where 4 have been shown, represent T7SS and 2 of prophage regions (Fig 5). The
component genes have also been shown in the figure, shows a high variability in mutations.

Table 4: Diversity of variation in ESX protein of MTB isolates, from Khyber Pakhtunkhwa
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Sample Position Ref Alle Substitution Freq Rv Gene* Gene
Product

ba4, ba9 4343784 G A Lys157Lys
(aag/aaA)

2 Rv3868 eccA1 ESX-1 SSP
EccA1

ba4 4366195 T C Glu215Gly
(gag/gGg)

1 Rv3884c eccA2 ESX-2 SSP
EccA

ba4, ba5,
ba9

4366272 G C Ala189Ala
(gcc/gcG)

3 Rv3884c eccA2 ESX-2 SSP
EccA

ba4, ba9 342146 A C Glu6Ala
(gaa/gCa)

2 Rv0282 eccA3 ESX-3 SSP
EccA

ba4, ba9 342873 C T Val248Val
(gtc/gtT)

2 Rv0282 eccA3 ESX-3 SSP
EccA

ba4, ba9 4345548 G A Met170Ile
(atg/atA)

2 Rv3869 eccB1 ESX-1 SSP
EccB

ba4, ba9 3871246 T C Gly417Gly
(gga/ggG)

2 Rv3450c eccB4 ESX-4 SSP
EccB4

ba4, ba5,
ba9

4379680 C G Arg258Pro
(cgc/cCc)

3 Rv3894c eccC2 ESX-2 type
VII SSP
EccC

ba5 4377447 G A Asp1002Asp
(gac/gaT)

1 Rv3894c eccC2 ESX-2 type
VII SSP
EccC

ba4, ba5,
ba9

346275 C G Pro214Arg
(ccg/cGg)

3 Rv0284 eccC3 ESX-3 SSP
EccC3

ba9 347388 A T His585Leu
(cat/cTt)

1 Rv0284 eccC3 ESX-3 SSP
EccC3

ba4, ba5,
ba9

3864995 T C Ser1082Gly
(agc/Ggc)

3 Rv3447c eccC4 ESX-4 SSP
EccC4

ba4, ba5,
ba9

2022868 T C Ser1204Ser
(agt/agC)

3 Rv1783 eccC5 ESX-5 type
VII SSP
EccC5

ba5 2019942 A G Gln229Arg
(cag/cGg)

1 Rv1783 eccC5 ESX-5 type
VII SSP
EccC5

ba4 4355319 C G Leu105Val
(ctg/Gtg)

1 Rv3877 eccD1 ESX-1 SSP
EccD1

ba4, ba5,
ba9

4356110 G C Leu368Leu
(ctg/ctC)

3 Rv3877 eccD1 ESX-1 SSP
EccD1

ba9 4371132 C T Val185Met
(gtg/Atg)

1 Rv3887c eccD2 ESX-2 SSP
EccD
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ba4, ba9 353197 C T Arg39Cys
(cgc/Tgc)

2 Rv0290 eccD3 ESX-3 SSP
EccD

ba4, ba9 3869355 T C Ile335Thr
(atc/aCc)

2 Rv3448 eccD4 ESX-4 SSP
EccD4

ba4, ba5,
ba9

356528 A G Asn217Asp
(aat/Gat)

3 Rv0292 eccE3 ESX-3 SSP
EccE

ba4, ba5
ba9

4342187 A G Asp103Gly
(gac/gGc)

3 Rv3866 espG1 ESX-1
EspG

ba4, ba5
ba10

4357597 C G Cys729Ser
(tgc/tCc)

1 Rv3879c espK ESX-1
EspK

ba4, ba5
ba11

4359165 G C Thr206Thr
(acc/acG)

2 Rv3879c espK ESX-1
EspK

Alle; Allele, SSP; secretory system proteins, *; part of T7SS

 

At least three of the five ESX systems (ESX-1, ESX-2, ESX-3, ESX-4 and ESX-5) are required for full
virulence. The first ESX system (ESX-1) is used as attenuated vaccine strains Mycobacterium bovis
bacille Calmette–Guérin (BCG) and Mycobacterium microti [54–59].

Type-VII secretory system (T7SS)

The essential genes of T7SS has been shown in figure 6 while mutations detected in these genes has
given in the table 4. Mutations may affect host immune response. Studies should be carried to address
the effect of these mutations on the immune response for better management of TB.

Diversity of PE/PPE

PE/PPE genes are highly polymorphic, present only in pathogenic mycobacterial species (Fig. 6).
Hypervariable genes have been detected in recent sublineages (IV and V) of the PE and even within the
sublineages. Sequence comparison of MTB isolates, circulating in this high burden country, shows a high
variability in comparison with H37Rv. This sequence diversity has been specifically observed in PPE55
(Table 5) that may affect the immune response. The PPE55 gene is specific to the M. tuberculosis
complex and is a strongly immunogenic protein whose expression correlates with active infection in
humans with active clinical TB.

Mycobacterium tuberculosis has evolved from environmental mycobacteria, and some PE/PPE family
proteins inherited from environmental mycobacteria that MTB utilizes for survival intracellularly now.
Examining immune responses to PE/PPE suggests that PE/PPE epitopes evoking host immune
responses, beneficial to the pathogen for survival. In the current study highly variable region in PE and
PPE have been detected (Table 5). 
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Sequence variability in PE_PGRS family gene.

Among the PE‐PGRS subfamily, PE_PGRS49 and PE_PGRS 21 exhibited the highest variability (48, 37)
followed by PE_PGRS28 and PE_PGRS42 (Fig. 7)  A sequence fragment (genome position: 1212336
-1212362) in PE_PGRS 21 of local strains is seemed, to be deleted (Table 6).

In our local strains, the PPE55 when compared with reference strain H37Rv, harbored numerous
mutations with 13 non-synonymous, throughout its entire coding region (Table 5). In a previous
investigation, PPE55 protein was found highly immunogenic that may be useful for distinguishing
amongst latent and subclinical TB [67]. This high variability may contribute a weak immune response,
resulting a weak eradication of MTB isolates. However, the complete diversity of mutations among major
geographical regions and their affect the immune response is still unclear.

Similarly, PE_PGRS21 and PE_PGRS28 also exhibited a high variability in the local strains (Table 6). A
sequence region from 1212336 to 1212362 (CGGCGGTGCCGGCGGTGTCGGCG GTGC) was deleted in
PE_PGRS21. While one synonymous and non-synonymous mutation was also detected at amino acid
position 268 and 471 (Ala268Ala and Val471Ala). Three non-synonymous mutations Ala438Thr
(gcc/Acc), Arg412Gly (cgc/Ggc), and Ser16Leu (tcg/tTg) have also been detected in PE_PGRS28.

 

Table: 5. Diversity of mutations detected in PPE 55 of PZA resistance isolates
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Sample  Position
(Genome)

Ref Type Allele Amino Acid
alteration

Rv Gene  

Freq*

ba9,
ba4

3746409 A SNP G Leu2259Pro
(ctg/cCg)

Rv3347c PPE55 2

ba9,
ba4

3749653 G SNP A Gln1178_
(caa/Taa)

Rv3347c PPE55 2

ba9,
ba4

3750177 A SNP T Phe1003Tyr
(ttc/tAc)

Rv3347c PPE55 2

ba9,
ba4

3750178 A SNP C Phe1003Val
(ttc/Gtc)

Rv3347c PPE55 2

ba9,
ba4

3750185 C SNP G Ser1000Ser
(tcg/tcC)

Rv3347c PPE55 2

ba9,
ba4

3750187 A SNP T Ser1000Thr
(tcg/Acg)

Rv3347c PPE55 2

ba9,
ba4

3750188 C SNP G Met999Ile
(atg/atC)

Rv3347c PPE55 2

ba9,
ba4

3750193 G SNP A Leu998Phe
(ctc/Ttc)

Rv3347c PPE55 2

ba9,
ba4

3750205 C SNP T Asp994Asn
(gac/Aac)

Rv3347c PPE55 2

ba9,
ba4

3750209 A SNP G Asn992Asn
(aat/aaC)

Rv3347c PPE55 2

ba9,
ba4

3750210 T SNP G Asn992Thr
(aat/aCt)

Rv3347c PPE55 2

ba9,
ba4

3750407 G SNP C Gly926Gly
(ggc/ggG)

Rv3347c PPE55 2

ba9,
ba4

3750417 A SNP T Phe923Tyr
(ttc/tAc)

Rv3347c PPE55 2

ba9,
ba4

3750421 T SNP C Ser922Gly
(agc/Ggc)

Rv3347c PPE55 2

ba9,
ba4

3750584 G SNP A Asn867Asn
(aac/aaT)

Rv3347c PPE55 2

ba4 3751281 G SNP A *Pro635Leu
(ccg/cTg)

Rv3347c PPE55 1

ba9 3751706 G SNP A Ile493Ile
(atc/atT)

Rv3347c PPE55 1

ba9,
ba4

3752003 G SNP C Val394Val
(gtC/gtG)

Rv3347c PPE55 2
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ba9,
ba4

3752006 G SNP A Asn393Asn
(aac/aaT)

Rv3347c PPE55 2

ba9,
ba4

3752007 T SNP C Asn393Ser
(aac/agC)

Rv3347c PPE55 2

ba9,
ba4

3752008 T SNP C Asn393Asp
(aac/Gac)

Rv3347c PPE55 2

ba9,
ba4

3752012 C SNP G Pro391Pro
(ccg/ccC)

Rv3347c PPE55 2

ba9,
ba4

3752207 A SNP G Ile326Ile
(att/atC)

Rv3347c PPE55 2

ba9,
ba4

3753116 C SNP T Pro23Pro
(ccg/ccA)

Rv3347c PPE55 2

ba9,
ba4

3753164 T SNP G Pro7Pro
(cca/ccC)

Rv3347c PPE55 2

*Freq; frequency, *Pro635Leu; novel

 

Table: 6. Mutation in PE_PGRS21 and PE_PGRS28 gene
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Position H37Rv
(Ref)

MutationType Local
Allele

Substitution/Deletion Rv Gene

1212336 C Del GAP ------------------------ Rv1087 PE_PGRS21

1212337 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212338 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212339 C Del GAP ------------------------ Rv1087 PE_PGRS21

1212340 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212341 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212342 T Del GAP ------------------------ Rv1087 PE_PGRS21

1212343 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212344 C Del GAP ------------------------ Rv1087 PE_PGRS21

1212345 C Del GAP ------------------------ Rv1087 PE_PGRS21

1212346 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212347 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212348 C Del GAP ------------------------ Rv1087 PE_PGRS21

1212349 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212350 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212351 T Del GAP ------------------------ Rv1087 PE_PGRS21

1212352 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212353 T Del GAP ------------------------ Rv1087 PE_PGRS21

1212354 C Del GAP ------------------------ Rv1087 PE_PGRS21

1212355 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212356 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212357 C Del GAP ------------------------ Rv1087 PE_PGRS21

1212358 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212359 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212360 T Del GAP ------------------------ Rv1087 PE_PGRS21

1212361 G Del GAP ------------------------ Rv1087 PE_PGRS21

1212362 C Del GAP ------------------------ Rv1087 PE_PGRS21

1212363 C SNP T Ala268Ala (gcc/gcT) Rv1087 PE_PGRS21
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1212971 T SNP C Val471Ala (gtc/gCc) Rv1087 PE_PGRS21

1636826 C SNP A Gly468Gly (ggg/ggT) Rv1452c PE_PGRS28

1636918 C SNP T Ala438Thr (gcc/Acc) Rv1452c PE_PGRS28

1636991 T SNP C Gly413Gly (gga/ggG) Rv1452c PE_PGRS28

1636996 G SNP C *Arg412Gly
(cgc/Ggc)

Rv1452c PE_PGRS28

1637006 G SNP A Val408Val (gtc/gtT) Rv1452c PE_PGRS28

1637009 G SNP A Gly407Gly (ggc/ggT) Rv1452c PE_PGRS28

1638182 C SNP T Ser16Ser (tcg/tcA) Rv1452c PE_PGRS28

1638183 G SNP A Ser16Leu (tcg/tTg) Rv1452c PE_PGRS28

1638188 C SNP T Ala14Ala (gcg/gcA) Rv1452c PE_PGRS28

1638191 C SNP G Ala13Ala (gcg/gcC) Rv1452c PE_PGRS28

1638194 G SNP C Ala12Ala (gcc/gcG) Rv1452c PE_PGRS28

*Arg412Gly; novel

Variants in forkhead-associated domains of MTB

In the current study, a novel deletion of sequence, CCGCGTTGCTCGGGGTAA in Forkhead-associated
(fhaA) (Rv0020c) domain at genome position 24699-24716 was detected. Further its interacting signaling
partner PknG also harbored a novel mutation at location 613 (Arg613Gln (cgg/cAg)). Similarly, mutation
(Ser385Arg) in pknA at genomic position 17608 has been observed, reflecting mutations in diverse genes
functions from regulation the MTB cell growth to cell signaling under stress conditions.

Variants in pncB1

A novel deletion (TCAGGCCG) and two nonsynonymous mutations (Pro447Ser and Gly429Ala) have been
detected in PncB1 at genomic position 1499213- 1499220. PncB1 (Rv1330c) and PncB2 (Rv0573c) are
two putative nicotinic acid phosphoribosyl transferases. Inhibitors designed against nicotinamide
adenine dinucleotide (NAD) synthetase, may induced bactericidal effect as abrupt starvation of NAD in
actively growing and nonreplicating MTB.

Discussion
It is very practical to investigate the drug resistance level in novel genotypes to uncover the reason of high
prevalence drug resistance. The frequencies of resistance in Beijing genotype have been reported, higher
against rifampin, ofloxacin and also multidrug-resistance were significantly higher than non-Beijing
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strains. In Fujian and Guangdong, a novel genotype named “China Southern genotype (CS)” was found
[44, 45]. Studies in high burden countries including Pakistan are needed to find a correlation of drug
resistance and novel spoligotypes circulating in distinct geographic regions. According to the previous
reports [45], drug-resistance and Beijing genotype has significant associations which might be
responsible for the spread and emergence of MDR-TB. These results have been confirmed in Vietnam,
Germany, Cuba and America, indicating high incidence of the Beijing genotype that might be correlated
with high transmission and virulence. In a more recent study in Khyber Pakhtunkhwa province of
Pakistan [44], the majority of the MTB isolates were found of unknown pattern that were evolutionary
linked to L3/CAS strain, where nine isolates (5.4%) of the unknown strains were tentatively named as
L3/CAS-KP. Drug resistance in these geographically distinct strains should be investigated for better
management of global TB control program 2030. Although the number of samples are very limited in a
recent study [46], variation in key genes’ suggests some more investigation on the pathogenesis and
single-nucleotide polymorphisms to find any correlation with high transmission and virulence.

In the current investigation, the diversity of variation in ESX protein may suggest a different type of
virulency which need to be investigated through murine models. MTB uses early secretory antigenic
target (ESAT6) protein family secretion (ESX) systems (T7SS), to export effector proteins that helps the
pathogen to resist or evade the host immune response [51, 52]. The ESX-1 plays an important function in
virulence, linked to secreted effector proteins, EsxA, inducing phagosomal rupture in phagocytes of host.
Interestingly the ESX-1 effectors EspA, EspC and EspD, absent in non-pathogenic species, are present in
pathogenic mycobacteria. Besides ESX-1, MTB, has four additional ESX systems: ESX-3 function as iron
acquisition; ESX-5 is involved in the secretion of members of PE and PPE having Pro-Glu and Pro-Pro-Glu
amino-terminal motifs [53]. ESX-2 and ESX-4 are systems for which the functions are currently unknown.
ESX-1 and ESX-5 are both crucial virulence determinants of MTB.

The earlier studies demonstrated that the ESX-1 (T7SS) is essential for bacterial access to the host
cytosol [60–62]. The frequency of mutations in each ESX, ESX-1 (7), ESX-2 (5), ESX-3 (6), ESX-4 (3), and
ESX-5 (2) is different and the highest has been detected in ESX-1 followed by ESX-3. ESX-3 are important
in inflammatory and pathological responses during infection [63]. The variation in PE/PPE could be
linked to a functional role pathogenicity [64–66]. To distinguish between latent and active M. tuberculosis
infection, the anti-PPE55 antibodies may be applied as biomarkers [67]. The PE/PPE gene family exposes
the virulence‐associated regulators in most recent sublineage genes like SigD and SigB. Before the
pathogenicity of mycobacteria arose, regulators of earlier sublineage PE/PPE genes may have been
present. Functional studies demonstrate that the PE/PPE proteins are commonly localize to the surface in
mycobacteria and are involved in secretory systems. Lipolytic enzymes of this family a role in virulency,
as key components of the cell wall interacting with the host for survival purposes. The presence of
confirmed lipolytic enzymes in the PE/PPE families of proteins are limited to sublineage V; suggesting an
essential role in lipid metabolism in MTB virulency [68–70]. Together with apparent abundance during in
vivo infection, suggests that these members play essential roles in pathogenicity [71–73]. About 10% of
MTB coding genome is comprised of PE and PPE families [74]. Members of the PE and PPE are known by
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the presence of a Pro‐Glu (PE) and Pro‐Pro‐Glu (PPE) conserved motif at N‐terminal [75]. PE and PPE
have 110 and 180 amino acids conserved region at N‐terminal. however, the C‐terminal is highly variable.

The characteristic PE and PPE domains is very crucial for targeting the family members of PE/PPE to the
cell wall, eliciting potent B‐ and T‐cell responses. The PGRS domain of PE_PGRS30, a virulence factor, is
responsible for targeting the protein to mycobacterial cell poles in M. tuberculosis and M. bovis [76, 77].
In PPE17, the PPE domain is crucial for cell surface localization [78]. The PE/PPE family of proteins
influence macrophage signaling and pathogenesis of mycobacteria [79–81].

The PE/PPE protein family contributes pathogenicity of MTB that may be targeted for novel drug or
immune‐modulatory approaches. However, a better understanding of PE/PPE protein function is required
before it could be realized as potential. This high diversity and variation in genomic sequence in the
PE/PPE proteins in locally circulation strains may affect the immunity against MTB. This variation
should be investigated in geographic specific isolates among high burden countries for better
management of TB.

The PE‐PGRS subfamily is largest class of the PE family, with 67 members in MTB H37Rv consist of the
PE domain followed by a C‐terminal extension encoded by polymorphic GC‐rich repetitive sequences
(PGRS) motif. Currently PE‐PGRS proteins contain about 1900 amino acids with glycine up to 50% [79].
The C terminals of subfamilies of PE_PGRS and PPE_MPTR have GC‐rich stretches. These stretches are
considered as hotspots for recombination events and mutations [82]. This high variability results in
antigenic diversity that may help the pathogen to evade host‐protective immune responses, [76]. The high
variability may help the pathogen in survival to evade host‐protective immune responses [76]. Among the
PPE family, PE_PGRS47 suppresses autophagy and impairs antigen presentation (Saini et al. 2016). In a
more recent study, depletion of PknA, resulted in increased drug susceptibility to key tuberculosis drug,
rifampin and β-lactam antibiotics [83].

PknG is a Serine/Threonine protein kinase recognized as a key player in mycobacterial physiology and
pathogenesis. Recent studies show that the enzyme glutamine synthetase and the protein FhaA are the
two substrates are phosphorylated by PknG in vitro specific residues in both [84]. In another study the
fhaA deletion mutant were created and different classes of antibiotics were screened to check their
sensitivity. MTB isolates that were fhaA deletion mutant, have been detected as sensitive to multiple
antibiotics showing an overall permeability flaw [85]. However, the effect of substitutions has not been
evaluated so for, which need to be investigated for future drug development against this target.

A novel deletion (TCAGGCCG) and two nonsynonymous mutations (Pro447Ser and Gly429Ala) in PncB1
at genomic position 1499213-1499220. PncB1 (Rv1330c) and PncB2 (Rv0573c) are phosphoribosyl
transferases, playing role in cofactor salvage [86]. Cell death is caused by disruption of cellular redox
homeostasis and cofactor starvation and also as electron transport is weakened by limiting NAD. PncB2
plays a more important role in the adaptation to nonreplicating persistence and also known as member
of the DosR regulon, important during hypoxic conditions [87, 88]. However, the effect of these mutations
is needed to be investigated before future drug designing for better management of treatment.
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In conclusion the metabolic model shows a diversity of variants in essential genes, functions from cell
growth to cell signaling. The physiology and pathogenesis determinants genes have novel type of
mutations in this distinct geographic region. The high variability in antigenic diversity that may help the
pathogen to evade host‐protective immune responses. The diversity of mutations in PE_PGRS47 family
may help the pathogen to suppresses autophagy and impairs antigen presentation. The current study
provides useful information, associated with geographic specific strains for biomarkers development and
better management of drug resistance isolates.

Abbreviations
BSL-III: Bbiosafety level-III laboratory

DOTS: Directly observed treatment, short-course

DST: Drug susceptibility testing

ESX-SSP: ESX secretory system proteins

fhaA: Forkhead-associated

CS: China Southern genotype

ESAT6: Early secretory antigenic target

INH: Isoniazid

LJ: Lowenstein Jensen medium

MTB: Mycobacterium tuberculosis

MGIT: Mycobacterium growth indicator tube

NAD: Nicotinamide adenine dinucleotide

NALC-NaOH: N-acetyl-L-cysteine sodium hydroxide

PZA: Pyrazinamide

PPE: Pro‐Pro‐Glu

PGRS: Polymorphic GC‐rich repetitive sequences

PZA-R: Pyrazinamide resistance

TB: Tuberculosis



Page 18/33

T7SS: Type-VII secretory system

WGS: Whole genome sequencing

Material And Methods
Ethical approval

A local ethics committee ruled that no formal ethics approval was required in this particular case.

Sample collection

Random samples have been collected from TB suspects with basic information from their guardians.

All the samples were subjected to decontamination and digestion processing.

Sample processing

All received samples were digested and decontaminated using standard N-acetyl-L-cysteine sodium
hydroxide (NALC-NaOH) method (GLI, 2014) in a biosafety level-III laboratory (BSL-III) at Provincial TB
Reference Laboratory, Peshawar. Briefly one aliquot was inoculated on Lowenstein Jensen medium (LJ)
and in a mycobacterium growth indicator tube (MGIT). Positive growth in the tubes was confirmed by Tbc
ID device (Ref: 245159, Becton, Dickinson).

Drug susceptibility testing

All confirmed mycobacterial isolates were processed for both phenotypic DST and molecular resistance
assay. DST was performed using a BD BACTEC MGIT 960 SIRE kit (Ref: 245123, Becton, Dickinson)
according to the policy WHO second line drug susceptibility testing [89]. The standard minimum
inhibitory concentration (MIC) for ofloxacin (OFX), levofloxacin (LEV), and moxifloxacin (MOX) was taken
as 2ug/mL, 1ug/mL, and 1ug/mL respectively. One sample aliquot was processed for acid fast bacilli
(AFB) microscopy using primostar-LED fluorescent microscopy.

Whole genome sequencing

Samples resistance to PZA were subjected for extraction of DNA through CTAB method [40, 90] followed
by whole-genome sequencing (WGS), a more effective, accessible and reasonable method for deep
insight into the genome of MTB isolates, involving single nucleotide variations (SNVs). The extracted
DNA from PZA-resistance samples were sequenced and partial analysis has been performed through
Illumina-X10 sequencer, based on the Solexa sequencing principle at center of Shanghai Jiao Tong
University, China.

Ssequences analysis
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To analyze the WGS data, an all-in-one web-based tool, Total Genotyping Solution for TB (TGS-TB) [91],
using NGS for spoligotyping and the detection of phylogenies, IS6110 insertion sites, with core genomic
SNVs, and 43 customized loci for variable number tandem repeat (VNTR). The tool is a user-friendly,
performed all these analysis on a simple click interface. The methodology was implemented with a KvarQ
script, predicting MTBC lineages and antimicrobial resistance.

Quality and mutation detection

The quality of the sequence was checked with FASTQC and after trimming the raw reads, the genome
was mapped against the reference strain H37Rv using MTBSeq software package [92]. The TGS-TB and
MTBseq detect variant positions with known associated with antibiotic resistance and performs also
lineage classification. When comparing multiple datasets, MTBseq provides a joint list of variants and a
FASTA alignment of SNP positions for use in phylogenomic analysis, and identifies groups of related
isolates, provides a more accurate strain typing for epidemiological and clinical investigations [91, 92]. In
brief, the alignment was carried out using BWA-mem algorithm. The resulting output in Sam/Bam format
was analyzed using Sam tools package. Statistical analysis, variant and positioning was done in gatk
software package. For further annotation, samples in FASTA format have been subjected to RAST server
[47], assigning functions to the genes, identifying the protein-encoding, rRNA and tRNA genes, predicts
subsystems in the genome.

Whole genome sequencing comparison

Whole genome sequence results in comparison with H37Rv were uploaded to RAST server subsystem
technology. The server achieves accuracy and completeness on the use of a subsystems that are
manually curated as protein families largely derived from the subsystems. RAST server implements two
classes of asserted gene functions: subsystem-based and non-subsystem-based assertions. The earlier is
based on recognition of functional variants of subsystems, while the later are using integration of
evidence from a number of other tools. The SEED servers inside RAST offer access to data [47, 48] which
have the ability to annotate prokaryotic genomes and creating metabolic reconstructions and detailed
model of metabolism.

Mapping whole genome into circular diagrams

The whole genome sequence was mapped in the form of circular structure using CGView Server [49],
generating graphical maps that show sequence features, base composition plots, and sequence similarity
plots. The server can visualize the genome features of bacteria, plasmid, chloroplast or mitochondria.

Analysis of type-VII secretory system

In mycobacteria, the ESX-1 type VII secretion system (T7SS) is vital for access to the host cytosol [65, 93].
In order to study the variability in the T7SS, the member genes were analyzed in the whole genome of
MTB through VRprofile server [94], a web server facilitating in fast screening of virulence and antibiotic
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resistance genes using a backend MobilomeDB database, built on sets gene cluster loci of bacterial type
III/IV/VI/VII secretion systems.
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Figure 1

Total number of variants in three WGS of MTB.
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Figure 2

A unique pattern of sample ba9. Total Genotyping Solution for TB (TGS-TB) has been used for
spoligotyping and the detection of phylogenies, IS6110 insertion sites, with core genomic SNVs, and 43
customized loci for variable number tandem repeat (VNTR).
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Figure 3

Spoligotyping pattern of sample ba5. Sample ba5 is unique in pattern in the phylogenetic tree (colored
red).
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Figure 4

Comparison of WG MTB reference genome and PZA-resistance isolate through RAST. The RAST server
provides an environment for browsing the annotated genome and comparing it to the hundreds of
genomes maintained within the SEED integration [47, 48]. The genome viewer included in RAST supports
comparison against existing genomes in detail. It also determines and displaying genomic context
around specific genes. The differences in subsystem of H37Rv and PZA resistance whole genome has
been shown through an arrow pointing towards a specific category and their number of proteins/genes
included.
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Figure 5

MTB whole genome circular representation in comparison with reference (H37Rv).

Figure 6

Type-VII secretory system (T7SS) of local MTB isolates. (A) virulency factors in the current isolates.
Yellow shows the location. (B) virulency factor of reference strain (H37Rv). (7) T7SS systems and their
location in the genome. (D) Member genes in T7SS and their location in the local genome.
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Figure 7

Diversity in mutation PE_PGRS proteins in all samples
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