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Abstract

Molecular screening of new patients suspected for TB could help in the effective control of

TB in Pakistan as it is a high TB burden country. It will be informative to understand the prev-

alence of multi drug resistance for a better drug regimen management in this geographical

area. The Rifampicin resistance determining region (RRDR) sequencing was used to iden-

tify mutations associated with drug resistance in DNA extracts from 130 known multidrug

resistant (MDR) cultured strains and compared with mutations observed in DNA extracts

directly from 86 sputum samples from consecutive newly diagnosed cases in Lahore, Paki-

stan. These newly diagnosed samples were positive for smear microscopy, chest X-ray and

presumed sensitive to first line drugs. In the known MDR group the most frequent mutations

conferring resistance were found in rpoB531 (n = 51, 39.2%). In the newly diagnosed tuber-

culosis group with no history of MDR, mutations in rpoB531 were seen in 10 of the samples

(11.6%). Collectively, all mutations in the RRDR region studied were observed in 80

(61.5%) of known MDR cases and in 14 (16.3%) of the newly diagnosed cases. Using the

RRDR as a surrogate marker for MDR, sequences for the newly diagnosed (presumed sen-

sitive) group indicate much higher levels of MDR than the 3.9% WHO 2015 global estimate

and suggests that molecular screening directly from sputum is urgently required to effec-

tively address the detection and treatment gaps to combat MDR in this high burden country.

Introduction

Pakistan is among the top 20 countries with a high TB and MDR-TB burden [1]. Chest X-ray,

acid fast bacilli (AFB) smear microscopy and culture on Lowenstein-Jensen (LJ) media are the

PLOS ONE | https://doi.org/10.1371/journal.pone.0183363 August 17, 2017 1 / 7

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Hameed S, Moganeradj K, Mahmood N,

McHugh TD, Chaudhry MN, Arnold C (2017)

Sequence analysis of the rifampicin resistance

determining region (RRDR) of rpoB gene in

multidrug resistance confirmed and newly

diagnosed tuberculosis patients of Punjab,

Pakistan. PLoS ONE 12(8): e0183363. https://doi.

org/10.1371/journal.pone.0183363

Editor: Dipankar Chatterji, Indian Institute of

Science, INDIA

Received: May 17, 2017

Accepted: July 24, 2017

Published: August 17, 2017

Copyright: © 2017 Hameed et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

file.

Funding: This work was supported by Higher

Education Commission, Pakistan (grant no: 1-8/

HEC/HRD/2015/3697 PIN: IRSIP 28 BMS13).

Competing interests: The authors have declared

that no competing interests exist.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by UCL Discovery

https://core.ac.uk/display/111032473?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1371/journal.pone.0183363
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183363&domain=pdf&date_stamp=2017-08-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183363&domain=pdf&date_stamp=2017-08-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183363&domain=pdf&date_stamp=2017-08-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183363&domain=pdf&date_stamp=2017-08-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183363&domain=pdf&date_stamp=2017-08-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183363&domain=pdf&date_stamp=2017-08-17
https://doi.org/10.1371/journal.pone.0183363
https://doi.org/10.1371/journal.pone.0183363
http://creativecommons.org/licenses/by/4.0/


conventional methods of investigation for tuberculosis [2] but require additional analysis to

define the species of Mycobacteria as well as the mechanism of drug resistance. M. tuberculosis
drug resistance detection using conventional methods is by culture of bacilli on a medium

containing antibiotic and can require several weeks. However, with the development of rapid

molecular methods it is possible to detect mutations in genes associated with resistance in a

much shorter time [3]. Resistance to two first line predominant anti-TB drugs i.e., isoniazid

(INH) and rifampicin (RIF), is termed as ‘multidrug resistance tuberculosis’ [4]. Molecular

methods for this are diverse and each method has its benefits and drawbacks; for example

PCR-RFLP [5] and allele-specific PCR [6]. Several molecular techniques have been evolved to

detect the gene mutation related to resistance. These include hybridization methods; single

strand polymorphism, DNA sequencing and other PCR based methods [5, 7, 8]. Multiplex

Allele Specific (MAS) PCR, a rapid and cost-effective method simultaneously detects INH, RIF

and Ethambutol (EMB) resistance associated genetic mutations [9]. PCR technology can pro-

vide many advantages over traditional techniques. Many PCR tests can be rapidly performed

and interpreted on the same day of submission of samples. A major advantage of PCR over tra-

ditional techniques includes the ability to rapidly identify organisms that are difficult to culture

and the DNA of interest can be amplified with the DNA from just one cell. The sensitivity of

PCR is also its major disadvantage since very small amounts of contaminating DNA (from a

different sample) can also be amplified. One major limitation of PCR is that prior information

about the target sequence is necessary in order to generate the primers that will allow its selec-

tive amplification [10]. Whole Genome Sequencing (WGS) sequences the whole genome

rather than specific genes. So, drug resistance prediction from the whole genome sequence is

possible using publically available software which rapidly analyses all known gene targets and

identifies mutations associated with resistance thus enabling targeted treatment [11] but

requires culture and is currently prohibitively expensive for high burden countries. Identifica-

tion of MDR-TB is a crucial step as treatment of multi drug resistant tuberculosis (MDR-TB)

is a considerable challenge. Globally in 2015, an estimated 3.9% (95% confidence interval [CI]:

2.7–5.1%) of new cases and 21% (95% CI: 15–28%) of previously treated cases had MDR/

RR-TB [1]. Resistance to rifampicin is the result of mutations in the rifampicin resistance

determining region (RRDR) of rpoB, particularly mutations at codons 516, 526 and 531.

MDR-TB is defined as resistance to rifampicin and isoniazid, the two most effective anti-TB

drugs. In December 2010, WHO recommended the use of the GeneXpert MTB/RIF to detect

and infer resistance to rifampicin directly from sputum [12]. In May 2016, WHO issued guid-

ance that “people with TB resistant to rifampicin, with or without resistance to other drugs,

should be treated with an MDR-TB treatment regimen.” Together with MDR-TB, these are

referred to as MDR/RR-TB.

This work was carried out in Pakistan to characterize mutations associated with rifampicin

resistance directly from sputum samples from newly diagnosed (ND) patients with no history

of drug resistance and identify their key risk factors in this setting. Identifying resistance in

presumed resistant samples and inferring resistance profiles directly from sputum may enable

a better tailored drug regimen where possible. It will also inform patient management more

rapidly and consequently reduce the rate of onward transmission of MDR tuberculosis in high

burden countries such as Pakistan.

Materials and methods

Sampling

Tuberculosis patients attending the Ghulab Devi Chest Hospital, Lahore, Pakistan in collabo-

ration with University of Health Sciences, Lahore were enrolled in this study over 18 months
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between 2013 and 2015, based on the following inclusion criteria. For the MDR group, patients

diagnosed previously with TB, and with a history of resistance to first line anti-tuberculosis

drugs, were included. Sputum samples were taken from this group and culture and Drug Sus-

ceptibility Testing (DST) were performed. The second group of patients included freshly diag-

nosed consecutive cases, presumed drug susceptible with clinical symptoms of TB, positive in

sputum smear microscopy AFB, chest X-ray positive and no history of resistance to any first

line tuberculosis drugs. Sputum samples were taken from this group and culture was not per-

formed. Not all individuals were included; those with clinical complications in addition to

tuberculosis were not included in this study.

Patient history

The patient’s history was collected using a proforma and included age, gender, area, economic

status (earning less than 300 US dollars per month), information of previous anti-tuberculosis

therapy, chest x-ray, AFB test and family history of TB. The environmental parameters studied

were animal contact, source of drinking water, un-boiled milk use and smoking or drug use.

GeneXpert testing

GeneXpert testing was carried out only for six samples of the MDR group only due to lack of

global funding, according to the manufacturer’s instructions. Newly diagnosed presumed sus-

ceptible samples were not tested due to the reason that these samples have no history of drug

resistance. This test was performed in order to confirm the samples of MDR group before car-

rying out DST.

Initial sputum culturing on drug free LJ medium

For the MDR group, sputum suspension of each patient was made by mixing 0.5ml sputum in

equal volume of autoclaved deionized water under aseptic conditions. 0.1ml of sputum sample

was spread on LJ medium for M. tuberculosis culture under strict aseptic conditions. The colo-

nies appeared on the LJ medium after 4–6 weeks of culturing at 37˚C.

Drug susceptibility testing (DST)

Sub culturing of M. tuberculosis colonies from the MDR group was carried out on LJ medium

containing the different first line anti-tuberculosis drugs. The concentrations of drugs added

were: rifampicin (40 μg/ml); isoniazid (0.2 μg/ml); ethambutol (2 μg/ml); pyrazinamide

(50 μg/ml) andstreptomycin (4 μg/ml). Following a sterility check by incubating the culture

bottles at 37˚C for one week, the bottles were inoculated with an M. tuberculosis suspension of

the previous culture. After 4–6 weeks incubation at 37˚C in incubator, growth on a drug-free

control medium was compared with growth on culture media containing each concentration

of anti-tuberculosis drug. Any growth of M. tuberculosis colonies on drug containing LJ media

were designated drug resistant while samples where no growth was observed on drug contain-

ing LJ media, were declared to be drug susceptible Mycobacterium tuberculosis.

DNA isolation and quantification

Sputum samples from the presumed susceptible group of patients were collected and then

DNA extraction was carried out. Both cultures (described above) and sputum samples were

extracted using the column based TIANamp genomic DNA isolation kit (TIANGEN Biotech

Beijing, China) method. Quantity and quality of the isolated genomic DNA was determined

by NanoDrop (Thermo Scientific, USA) using 1μL sample of purified DNA.

Rifampicin resistant tuberculosis in Pakistan
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rpoB analysis

The fragment containing 81bp Rifampicin Resistant Determining Region (RRDR) of the rpoB

gene of all strains were sequenced using published primers [13] and analysed in BIOEDIT

software using ClustalW alignment parameters (BioEdit version 7.2.5). The PCR was carried

out in a total volume of 50μl where 1μl of the DNA was added to the reaction containing

1xPCR reaction buffer, 1.5mM MgCl2, 0.2mM dNTPs (Invitrogen, UK), 20μM each of both

rpoB-RRDR forward (5’- CGATCACACCGCAGACGTTGA)and reverse primers (5’-GGCAC
GCTCACGTGACAGACC) and 5U recombinant Taq polymerase (Invitrogen, UK). The follow-

ing PCR conditions were carried out using a Veriti thermocycler (Applied Biosystems, UK):

94˚C for 2 min followed by 35 cycles of 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 1 min.

Finally, an extension of 72˚C for 10 min was performed before cleaning the products using

AmpureXP magnetic beads (Beckman Coulter, UK) according to the manufacturer’s protocol

and forward and reverse sequencing performed.

Ethics and consent

The present research work was approved by the ethical committee of University of the Punjab,

Lahore, Pakistan in accordance with the ethical standards of the responsible committee on

human experimentation and with the latest (2008) version of Helsinki Declaration of 1975

[14]. The purpose of the study was explained and written consents from the patients or guard-

ians were taken from all patients or from next of their kin, caretakers, or guardians/parents on

behalf of all child participants.

Results

GeneXpert testing

GeneXpert testing was positive for six of the samples of MDR group and further verified by

DST.

Drug susceptibility testing (DST)

Of the 130 MDR cultures tested for resistance to isoniazid (I), rifampicin (R), ethambutol (E),

pyrazinamide (P) and streptomycin (S), 96 were resistant to IREPS, 26 were resistant to IREP,

three were resistant to IR, two were resistant to IRES, one was resistant to IRP and two resis-

tant to IRPS. Streptomycin was added so that to kill any other bacterial contamination in the

culture in addition to drug sensitive mycobacteria.

rpoB analysis

An overview of the rpoB mutations seen in both groups is shown in Table 1. The isolated DNA

from all samples quantification was carried out by nanodrop and DNA quantity was found to

Table 1. Mutations seen in rifampicin resistance determining region (RRDR).

516 (WT = GAC- Asp) 526 (WT = CAC- His) 531 (WT = TCG- Ser)

SNP TAC GTC GGC TAC AAC CCC TTG TGG TGC

(AA change) (Tyr) (Val) (Gly) (Tyr) (Asn) (Pro) (Leu) (Trp) (Cys)

MDR group (n = 130) 8 7 2 4 2 1 49 1 1

ND group (n = 86) 2 2 0 0 0 0 8 2 0

Note: Multidrug resistant group (MDR), Newly diagnosed group (ND).

https://doi.org/10.1371/journal.pone.0183363.t001
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be in range of 70–90 ng/μl. Of the 130 MDR strains, 80 had mutations in the RRDR region of

rpoB (61.3%) (S1 Fig). In order of mutation frequency, 49 strains carried a single mutation at

position 531, TCG>TTG/Ser>Leu (65.3%), 8 strains carried a single mutation at position 516,

GAC>TAC/Asp>Tyr (10%), 7 strains carried a single mutation at position 516 GAC>GTC/

Asp>Val (8.8%), 4 strains carried a single mutation at position 526, CAC>TAC/His>Tyr

(5%), 2 strains carried a single mutation at position 516, GAC>GGC/Asp>Gly (2.5%), a fur-

ther 2 strains carried a single mutation at position 526, CAC>AAC/His>Gly (2.5%) and single

strains carried mutations at positions 526, CAC>CCC/His>Pro; 531, TCG>TGG/Ser>Trp;

TCG>TGC/Ser>Cys (all at 1.3%). The remaining mutations were as follows: one strain with

a deletion of positions 516 and 517; one strain with two mutations, the first at position 516,

GAC>GGC/Asp>Ala and the second at position 531, TCG>GCG/Ser>Ala; one strain with

two mutations, the first at position 526, CAC>CAG/His>Gln and the second at position 533,

CTG>CCG/Leu>Pro; one strain with a two amino acid deletion of 516/7 and two strains with

mutations just upstream of the RRDR.

For the ND group, 14/86 of the extracted DNAs (16.3%) carried mutations associated with

MDR status; the remainder showed wild type RRDR sequence. Of the 14, 8 DNAs carried a

single mutation at position 531, TCG>TTG/Ser>Leu (57.1%); 2 DNAs carried a single muta-

tion at position 531, TCG>TGG/Ser>Trp (14.3%); 2 DNAs carried a single mutation at posi-

tion 516, GAC>GTC/Asp>Val (14.3%) and a further 2 DNAs carried a single mutation at

position 516, GAC>TAC/Asp>Tyr (14.3%).

Discussion

Molecular screening of M. tuberculosis–containing sputum samples for drug resistance,

although recommended by the WHO, is expensive and inaccessible to many high incidence

areas such as Pakistan. To gain further information about the prevalence of MDR in newly

diagnosed patients in this area of Lahore, Pakistan, the RRDR region of the rpoB gene from

two groups was sequenced; the first group comprised extracted DNA from130 MDR strains

from patients diagnosed previously with TB, and with a history of resistance to first line anti-

tuberculosis drugs; the second group comprised 86, DNA extracts directly from sputum sam-

ples from consecutive newly diagnosed patients, with clinical symptoms of TB, positive in

sputum smear microscopy AFB, chest X-ray positive and presumed drug susceptible with no

history of resistance to any first line tuberculosis drugs. The most common mutation found in

both groups was in line with other studies, i.e. at position 531, TCG>TTG/Ser>Leu, and at

61.3% and 57.1% for MDR and ND groups respectively, at a similar prevalence.

Studies indicate that 96.1% of the rifampicin resistant strains worldwide will have rpoB

mutations (so a surrogate marker for MDR) studies [15, 16]. Comparison of the DST results

with the RRDR data from the MDR group in this study suggests that only 61.5% of strains

carry mutations in this region of the rpoB gene so sequencing the RRDR does not correlate

with rifampicin resistance as successfully. The reasons for this may be that resistance to rifam-

picin is conferred by mutations in other parts of the gene or genome or that the DST testing

was sub optimal in some way and indicated resistance when none was present, although all

patients from this group had a history of resistance to first line anti-tuberculosis drugs. Anti-

microbial resistance testing (AST) or Drug resistance testing was established in the 1960s [17]

and there is no consensus reference method for MIC determination against which the different

methods can be compared to determine common breakpoints.

The main finding of this study however is the high incidence of rifampicin resistance asso-

ciated mutations, which is often used as a surrogate marker for MDR. At 16.3%, it is consider-

ably higher than the WHO estimate of 3.9% of new cases of multi drug resistant tuberculosis
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[1]. This single piece of study needs to be justified with the help of future studies to support a

high percentage of rif resistant strains. The cost of rpoB sequencing in this study was approxi-

mately $10, the cost of a GeneXpert test in this region. The time taken to carry out rpoB

sequencing is slightly longer than GeneXpert testing but requires more complex testing and

analysis. GeneXpert testing or rpoB sequencing for detection of MDR TB in sputum samples is

much faster than waiting for results of culture and DST. The diagnosis and effective treatment

for individuals with MDR needs to be tailored and administered quickly by rapid molecular

tests and, as a consequence of that, the control of transmission of MDR tuberculosis will be

tightened. Only then will MDR tuberculosis infection and transmission be effectively con-

trolled in high incidence areas such as Pakistan, where it is most needed.

Supporting information

S1 Fig. Alignment of RRDR sequences from this research work.

(DOC)

Author Contributions

Conceptualization: Salma Hameed, Kartyk Moganeradj, Nasir Mahmood.

Data curation: Kartyk Moganeradj, Catherine Arnold.

Formal analysis: Salma Hameed, Kartyk Moganeradj, Catherine Arnold.

Funding acquisition: Nasir Mahmood.

Investigation: Salma Hameed, Kartyk Moganeradj.

Methodology: Salma Hameed, Kartyk Moganeradj, Catherine Arnold.

Resources: Kartyk Moganeradj, Nasir Mahmood.

Supervision: Kartyk Moganeradj, Nasir Mahmood, Timothy D. McHugh, Muhammad Nawaz

Chaudhry, Catherine Arnold.

Writing – original draft: Salma Hameed, Kartyk Moganeradj.

Writing – review & editing: Salma Hameed, Kartyk Moganeradj, Nasir Mahmood, Timothy

D. McHugh, Muhammad Nawaz Chaudhry, Catherine Arnold.

References
1. WHO. Global tuberculosis Report. 2016.

2. Negi SS, Khan SF, Gupta S, Pasha ST, Khare S, Lal S. Comparison of the conventional diagnostic

modalities, bactec culture and polymerase chain reaction test for diagnosis of tuberculosis. Indian J

Med Microbiol, 2005, 23 (1):29–33. PMID: 15928418

3. Victor TC, Van Helden PD, Warren R. Prediction of drug resistance in Mycobacterium tuberculosis:

Molecular mechanisms, tools, and applications. IUBMB Life. 2002, 53(4–5):231–237. https://doi.org/

10.1080/15216540212642 PMID: 12121001

4. WHO. Anti-tuberculosis drug resistance in the world. Report No.2 Prevalence and Trends. 2000.

5. El-Hajj HH, Marras SA, Tyagi S, Kramer FR, Allan D. Detection of rifampicin resistance in Mycobacte-

rium tuberculosis in a single tube with molecular beacons. J Clin Microbiol. 2001, 39(11):4131–7.

https://doi.org/10.1128/JCM.39.11.4131-4137.2001 PMID: 11682541

6. Mokrousov I, Otten T, Vyshnevskiy B, Narvskaya O. Allele specific rpoB PCR assays for detection of

rifampicin resistant Mycobacterium tuberculosis in sputum smears. Antimicrob Agents Chemother.,

2003, 47(7):2231–5. https://doi.org/10.1128/AAC.47.7.2231-2235.2003 PMID: 12821473

7. Kim BJ, Lee KH, Park BN, Kim SJ, Park EM, Park YG, Bai GH, Kim SJ, Kook YH. Detection of rifampicin

resistant Mycobacterium tuberculosis in sputa by nested PCR linked single strand conformation

Rifampicin resistant tuberculosis in Pakistan

PLOS ONE | https://doi.org/10.1371/journal.pone.0183363 August 17, 2017 6 / 7

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183363.s001
http://www.ncbi.nlm.nih.gov/pubmed/15928418
https://doi.org/10.1080/15216540212642
https://doi.org/10.1080/15216540212642
http://www.ncbi.nlm.nih.gov/pubmed/12121001
https://doi.org/10.1128/JCM.39.11.4131-4137.2001
http://www.ncbi.nlm.nih.gov/pubmed/11682541
https://doi.org/10.1128/AAC.47.7.2231-2235.2003
http://www.ncbi.nlm.nih.gov/pubmed/12821473
https://doi.org/10.1371/journal.pone.0183363


polymorphism and DNA sequencing. J Clin Microbiol., 2001, 39(7): 2610–7. https://doi.org/10.1128/

JCM.39.7.2610-2617.2001 PMID: 11427578

8. Liu YP, Behr MA, Small PM, Kurn N. Genotype determination of Mycobacterium tuberculosis antibiotic

resistance using a novel mutation detection method, the branch migration inhibition M.tuberculosis anti-

biotic resistance test. J Clin Microbiol., 2000, 38(10): 3656–62. PMID: 11015379

9. Yang ZT, Durmaz R, Yang D, Gunal S, Zhang L, Foxman B, Sanic A, Marrs CF Simultaneous detection

of Isoniazid, Rifampinn and Ethambutol resistance of Mycobacterium tuberculosis by single Mutiplex

Allele Specific Polymerase Chain Reaction(PCR) assay. Diagn Microbiol Infect Dis., 2005, 53(3): 201–

8. https://doi.org/10.1016/j.diagmicrobio.2005.06.007 PMID: 16243477

10. Garibyan L, Avashia N. Polymerase Chain Reaction. Journal of Investigative Dermatology. 2013, 133:

1–4.

11. Bradley P, Gordon NC, Walker TM, Dunn L, Heys S, Huang B, et al. Rapid antibiotic-resistance predic-

tions from genome sequence data for Staphylococcus aureus and Mycobacterium tuberculosis. Nature

Communications 2015. 6: 10063. https://doi.org/10.1038/ncomms10063 PMID: 26686880

12. WHO. Global tuberculosis control country profile. World Health Organization Report. 2014.

13. Arnold C, Westland L, Mowat G, Underwood A, Magee J, Gharbia S.005. Single-nucleotide polymor-

phism-based differentiation and drug resistance detection in Mycobacterium tuberculosis from isolates

or directly from sputum. Clinical microbiology and infection: the official publication of the European Soci-

ety of Clinical Microbiology and Infectious Diseases.; 2005, 11(2):122–30.

14. World Medical Association (WMA). Declaration of Helsinki. Ethical Principles for Medical Research

Involving Human Subjects. Jahrb für Wiss und Ethik. 2009; 14. https://doi.org/10.1515/

9783110208856.233

15. Mboowa G, Namaganda C, Ssengooba W. Rifampicin resistance mutations in the 81 bp RRDR of rpoB

gene in Mycobacterium tuberculosis clinical isolates using Xpert®MTB/RIF in Kampala, Uganda: a ret-

rospective study. BMC Infectious Diseases 2014, 14: 481. https://doi.org/10.1186/1471-2334-14-481

PMID: 25190040

16. Ramaswamy S, Musser JM: Molecular genetic basis of antimicrobial agent resistance in Mycobacte-

rium tuberculosis. Tuberc Lung Dis. 1998, 79: 3–29. https://doi.org/10.1054/tuld.1998.0002 PMID:

10645439

17. Schon T, Miotto P, Koser C, Viveiros M, Boettger E, Cambau E. Mycobacterium tuberculosis drug resis-

tance testing: challenges, recent developments and perspectives. Clinical Microbiology and Infection.

2017, 23(3):154–160. https://doi.org/10.1016/j.cmi.2016.10.022 PMID: 27810467

Rifampicin resistant tuberculosis in Pakistan

PLOS ONE | https://doi.org/10.1371/journal.pone.0183363 August 17, 2017 7 / 7

https://doi.org/10.1128/JCM.39.7.2610-2617.2001
https://doi.org/10.1128/JCM.39.7.2610-2617.2001
http://www.ncbi.nlm.nih.gov/pubmed/11427578
http://www.ncbi.nlm.nih.gov/pubmed/11015379
https://doi.org/10.1016/j.diagmicrobio.2005.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16243477
https://doi.org/10.1038/ncomms10063
http://www.ncbi.nlm.nih.gov/pubmed/26686880
https://doi.org/10.1515/9783110208856.233
https://doi.org/10.1515/9783110208856.233
https://doi.org/10.1186/1471-2334-14-481
http://www.ncbi.nlm.nih.gov/pubmed/25190040
https://doi.org/10.1054/tuld.1998.0002
http://www.ncbi.nlm.nih.gov/pubmed/10645439
https://doi.org/10.1016/j.cmi.2016.10.022
http://www.ncbi.nlm.nih.gov/pubmed/27810467
https://doi.org/10.1371/journal.pone.0183363

