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a b s t r a c t 

Genomic-based surveillance on the occurrence of drug resistance and its transmission dynamics has 

emerged as a powerful tool for the control of tuberculosis (TB). A whole-genome sequencing approach, 

phenotypic testing and clinical-epidemiological investigation were used to undertake a retrospective 

population-based study on drug-resistant (DR)-TB in Rio Grande do Sul, the largest state in Southern 

Brazil. The analysis included 305 resistant Mycobacterium tuberculosis strains sampled statewide from 

2011 to 2014, and covered 75.7% of all DR-TB cases identified in this period. Lineage 4 was found to 

be predominant (99.3%), with high sublineage-level diversity composed mainly of 4.3.4.2 [Latin Ameri- 

can and Mediterranean (LAM)/RD174], 4.3.3 (LAM/RD115) and 4.1.2.1 (Haarlem/RD182) sublineages. Ge- 

nomic diversity was also reflected in resistance of the variants to first-line drugs. A large number of 

distinct resistance-conferring mutations, including variants that have not been reported previously in any 

other setting worldwide, and 22 isoniazid-monoresistant strains with mutations described as disputed 

in the rpoB gene but causing rifampicin resistance generally missed by automated phenotypic tests as 

BACTEC MGIT . Using a cut-off of five single nucleotide polymorphisms, the estimated recent transmis- 

sion rate was 55.1%, with 168 strains grouped into 28 genomic clusters. The most worrying fact concerns 

multi-drug-resistant (MDR) strains, of which 73.4% were clustered. Different resistance profiles and ac- 

quisition of novel mutations intraclusters revealed important amplification of resistance in the region. 

This study described the diversity of M. tuberculosis strains, the basis of drug resistance, and ongoing 

transmission dynamics across the largest state in Southern Brazil, stressing the urgent need for MDR-TB 

transmission control state-wide. 

© 2021 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 
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. Introduction 

Resistance to anti-tuberculosis (TB) drugs is one of the main 

easons why TB is still one of the leading infectious diseases. In 

019, TB accounted for 1.4 million deaths and 10 million new cases 

orldwide. Drug resistance increases the standard anti-TB treat- 

ent length to at least 1 year, and requires the use of different 

lasses of drugs which are more expensive, less effective and have 

 lower cure rate: 26% for extensively drug-resistant (XDR) cases 

1] . 

Annually, approximately 73,0 0 0 new cases of TB and 4500 

eaths due to TB are notified in Brazil, resulting in an inci- 

ence rate of 35 cases/10 0,0 0 0 population (2019). From these 

ases, an important fraction is classified as multi-drug resistant 

MDR)/rifampicin (RIF)-resistant: 1119 laboratory-confirmed MDR- 

B/RIF-resistant cases were notified in 2017. Nevertheless, the dis- 

ribution of the disease is heterogeneous across the country, and 

io Grande do Sul, the southernmost Brazilian state and the largest 

f the three states that compose the south region of Brazil, ac- 

ounts for 54% of the cases of TB occurring in this region with an

ncidence rate of 40 cases/10 0,0 0 0 population [2] . Furthermore, Rio 

rande do Sul has a high number of cases of MDR/RIF-resistant TB 

109 cases in 2017) according to the data from the State Central 

aboratory (not shown). 

Previous studies on circulating Mycobacterium tuberculosis in 

he south region of Brazil have shown predominance of Lineage 

 strains, but with important diversity at the sublineage level with 

redominance of 4.3.3 [Latin American and Mediterranean (LAM)], 

.3.4.2 (LAM) and 4.1.2.1 (Haarlem) sublineages [ 3 , 4 ]. Moreover, 

trains rarely found in other regions, such as SIT863 [5] , have been 

bserved in recent studies, coupled with ongoing transmission of 

ighly resistant strains [ 4 , 6 ]. However, previous studies in the re-

ion only undertook limited sampling, mainly from MDR strains. To 

btain a broader understanding of the DR-TB scenario and aiming 

o inform DR-TB control efforts in the region, a representative sam- 

le of DR M. tuberculosis strains circulating in Rio Grande do Sul 

tate between 2011 and 2014 was characterized in terms of their 

iversity and genomic similarity to estimate ongoing transmission 

f M. tuberculosis . 

. Materials and methods 

.1. Study population 

A retrospective population-based study on DR-TB was con- 

ucted in Rio Grande do Sul state, Southern Brazil, between 2011 

nd 2014. Available M. tuberculosis clinical strains were collected at 

he State Central Laboratory (LACEN-RS). LACEN-RS is the reference 

aboratory in charge of drug susceptibility testing (DST) from TB 

ases notified state-wide. The study included 305 clinical strains 

f M. tuberculosis that presented resistance to at least one of the 

ollowing first-line anti-TB drugs: isoniazid (INH), RIF, ethambutol 

EMB) and streptomycin (STR). 

Rio Grande do Sul, the largest state in Southern Brazil, has an 

stimated population of 11.3 million people [7] , and ranks among 

he high-burden TB states in Brazil with a high rate of MDR-TB. 

n 2017, 5031 new TB cases [2] (40 cases/10 0,0 0 0 population) and

0 cases of diagnosed MDR (data from LACEN-RS) were notified 

rom Rio Grande do Sul. Over the 4-year study period, 403 DR-TB 

amples were identified at LACEN-RS. The study sample includes 

05 of these 403 notified DR-TB samples (75.7%). Clinical and epi- 

emiological data from enrolled individuals were obtained from 

he Brazilian National System for Notifiable Diseases (SINAN) and 

he Brazilian Special Tuberculosis Treatment Information System 

SITE-TB). A confirmed epidemiological link (epi-link) was consid- 
2 
red when two individuals lived in the same neighbourhood or 

pent time at the same prison for any time in the same year. 

.2. Drug susceptibility testing 

DST results were obtained for clinical samples from LACEN-RS, 

here testing was performed using a liquid BACTEC MGIT 960 

IRE Kit for the BACTEC Mycobacteria Growth Indicator Tube 960 

MGIT 960) system (Becton Dickinson Diagnostic Systems, Sparks, 

D, USA). Susceptibility evaluation was conducted for the follow- 

ng first-line anti-TB drugs: RIF (breakpoint 1.0 mg/L), INH (break- 

oint 0.1 mg/L), EMB (breakpoint 5.0 mg/L) and STR (breakpoint 

.0 mg/L) in accordance with the manufacturer’s instructions. 

.3. DNA extraction and whole-genome sequencing 

M. tuberculosis genomic DNA was extracted using the 

etyltrimethylammonium bromide method, as described by 

an Embden et al. [8] in a Biosafety Level (BSL) 2 laboratory with 

SL-3 safety equipment and work practices. The genomic DNA 

rom the 305 studied M. tuberculosis strains was subjected to 

ext-generation sequencing to access its whole-genome sequence. 

aired-end sequencing (2 × 150 bp) was performed on an Illumina 

extSeq machine using either a 300 cycle v2 mid-output or high- 

utput kit (Illumina, Code FC-404-2003 or Code FC-404-2004), 

sing the standard Illumina procedure as described previously [4] . 

.4. Bioinformatic analysis of whole-genome sequencing data 

Raw FASTQ files were trimmed to remove adapter sequences 

nd low-quality reads using Trimmomatic [9] . The read data qual- 

ty was assessed in fastQC ( www.bioinformatics.babraham.ac.uk/ 

rojects/fastqc/ ), and then mapped against the reference genome 

f M. tuberculosis H37Rv (GenBank Accession NC0 0 0962.3) using 

he BWA-MEM algorithm [10] . The quality of the resulting mapped 

AM files was checked using Qualimap [11] . SAMtools/BCFtools 

nd GATK tools were used for variant calling of single nucleotide 

olymorphisms (SNPs) and small indels, as described previously 

 12 , 13 ]. Both variant sets called by each tool were combined, and

nly the concordant set between both callers was retained for 

ownstream analysis. SNP sites with an excess of 10% missing 

alls were removed from the analysis [14] , as well as SNP posi- 

ions within PE/PPE genes. Variants occurring in drug-resistance- 

ssociated genes were retained for increased resolution at the 

icro-evolutionary level. Retained variants were converted to a 

ASTA format file and then used to generate an alignment com- 

osed of 28,974 high-quality SNP sites. 

The final [whole-genome SNP (wgSNP)] alignment was submit- 

ed to the JmodelTest tool [15] for best-fit nucleotide substitu- 

ion model selection under Akaike Information Criterion. General- 

zed Time-Reversible model with estimated proportion of invari- 

ble sites was selected to reconstruct a maximum-likelihood phy- 

ogenetic tree using the RAxML tool [16] , applying the bootstrap 

ranch support metric, and the resulting tree was annotated in the 

nteractive Tree of Life online tool [17] . A cut-off of five SNPs was 

sed to delineate genomic clusters [18] among the wgSNP align- 

ent using the ape package and hclust function implemented in R. 

ecent transmission among M. tuberculosis genomes was estimated 

rom the ratio between the number of clustered strains and the to- 

al number of included strains. To analyse the geographical distri- 

ution of DR-TB cases, patient addresses were plotted in a map us- 

ng the online tool Microreact [19] . Pairwise geographical distances 

etween patients were determined using the Imap package imple- 

ented in R, and the Mann-Whitney U -test was applied. 

The fbp C103 polymorphism (G- > A at codon 103) used to dif- 

erentiate LAM strains from non-LAM strains and genomic variants 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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nderlying drug resistance were identified from VCF files cited pre- 

iously. The command-line version of TB-Profiler (v2.8.13) [20] was 

sed to determine the M. tuberculosis SNP-based type, and SpoTyp- 

ng (v2.0) [21] was used for prediction of in-silico spoligotypes. The 

lade and shared international type (SIT) of each spoligotyping pat- 

ern were assigned using the SITVIT2 online database [22] . 

.5. Resolving discordant phenotypic and whole-genome sequencing 

esults 

Discordant results were resolved by repeating the DST on the 

GIT 960 system and performing minimum inhibitory concentra- 

ion (MIC) analyses with the resazurin microtitre assay method, as 

escribed previously [ 23 , 24 ], using the breakpoint concentrations 

f ≤0.25mg/L and ≤0.5 mg/L for INH and RIF, respectively. 

. Results 

.1. Study population and clinical characteristics 

From 2011 to 2014, 403 cases of DR-TB were detected state- 

ide and further classified as MDR ( n = 240), resistant to INH alone

 n = 122), resistant to RIF alone ( n = 6), resistant to EMB alone ( n = 3),

esistant to STR alone ( n = 3), and polyresistant ( n = 32). Of these

03 DR-TB notified cases, 305 M. tuberculosis resistant strains from 

nique patients were available (75.7% of total from study period) 

ith the following DR profiles: 169 MDR, 111 resistant to INH 

lone, 19 polyresistant, five resistant to RIF alone, and one resis- 

ant to STR alone. 

Among the 305 included patients, 76.1% were male and the me- 

ian age was 40 years (range 13–84 years). For 34.4% of the pa- 

ients, it was their first TB diagnosis (primary resistance), 29.8% 

ere starting a new treatment period for a TB relapse, 25.3% 

ere starting treatment following loss to follow-up, and 9.2% were 

tarting treatment after failure of a previous treatment. Informa- 

ion was not available for four individuals (1.3%) (according to 

ata obtained from SINAN and SITE-TB). Regarding the main co- 

orbidities and risk factors, 28.5% were infected with human im- 

unodeficiency virus; 8.9% had diabetes mellitus; and 33.1%, 19.7% 

nd 18.4% were alcohol, tobacco and illicit drug users, respectively. 

n addition, 37 (12.13%) individuals were prison inmates at the 

ime of sample collection. Information related to treatment out- 

ome was obtainable for 254 (83.3%) cases. A favourable outcome 

cure or treatment completion) was reported for 49.9% (104/254) 

f those cases; 35.8% (91/254) of the individuals were lost to 

ollow-up, the current treatment failed for 6.7% (17/254) of the in- 

ividuals, and 16.5% (42/254) of the individuals died during treat- 

ent (see online supplementary material for detailed characteris- 

ics of individuals included). 

.2. Drug resistance and associated mutations 

From the 111 INH-monoresistant clinical strains, 95 (85.6%) car- 

ied a well-described mutation related to resistance. Among the 

69 phenotypically MDR strains, only one did not have any known 

utations underlying INH and RIF resistance. For 43 samples that 

resented discordant results for INH and RIF resistance between 

GIT testing and the whole-genome sequencing (WGS) prediction, 

GIT- and MIC-based DST were performed for the two drugs. This 

evealed that 15 INH-monoresistant strains on MGIT-SIRE did not 

ave associated resistance mutations, and were, in fact, suscepti- 

le. Therefore, for the purposes of evaluation of WGS-based drug- 

esistance prediction, the susceptibility profile was changed. For 

he remaining strains, the phenotypic resistance profile remained 

he same. 
3 
Additionally, well-described disputed mutations in the rpoB 

ene causing RIF resistance, generally missed by automated phe- 

otypic DST methods [25] , were identified in 22 (22.9%) of the 96 

emaining INH-monoresistant strains: D435Y (8/22), L452P (5/22), 

445Y (4/22), L430P (2/22), H445G (1/22), H445N (1/22) and 

435Y + S431T (1/22). Thus, for the purpose of evaluation of WGS- 

ased drug-resistance prediction, those strains were considered to 

e RIF resistant based on previous reports of the phenotypic re- 

istance caused by these mutations, and the inability of MGIT 

o detect it [25] . Concerning clinical evolution for these 22 pa- 

ients, 17 of them received MDR-TB regimens after a review of 

heir clinical status (non-response or treatment failure to first- 

ine drugs, including RIF). For the remaining five patients, the 

reatment information was not available, but two of them died 

rom TB. Finally, the overall concordance on WGS-based resistance 

rediction was 99.3% for INH, 98.7% for RIF, 82.3% for EMB and 

6.9% for STR, considering MGIT-based testing as the gold standard 

 Table 1 ). 

The most common variants sustaining INH resistance were 

ound in the katG gene, with the distinct occurrence of some mu- 

ations among different resistance profiles (Ser315Thr mainly in 

DR and Ser315Asn mainly in INH-monoresistant). In total, 84.5% 

240/284) of INH-resistant strains had some related resistance mu- 

ation at katG , and among these, 53 (18.7%) had additional -15 C > T

r T > C -8 changes at the inhA promoter. Thirty of 284 (10.6%)

NH-resistant strains only carried the inhA -promoter -15 C > T mu- 

ation, 11/284 (3.9%) only had mutations in the oxyR-ahpC regula- 

ory region, and one had the Ser94Ala codon change in inhA gene 

 Figure 1 ). Regarding RIF resistance, 173 (99.4%) of the 174 RIF- 

esistant isolates carried mutations in the rpoB gene. Amino acid 

hanges in codon 450 were the most frequent, occurring in 73.6% 

f the resistant isolates. An uncommon insertion ( rpoB 435 QNNP 

 QNNPQNNP) [6] was identified in 16/174 isolates (9.2%), and two 

solates (1.1%) had deletion of two amino acids ( rpoB 435 FMD > F) 

 Figure 1 ). Disputed mutations occurring in the rpoB gene were 

ound in 22 RIF-susceptible (according to MGIT) strains: 14 of them 

ere INH-monoresistant strains, seven were resistant to INH and 

TR, and one was susceptible to first-line drugs. 

Mutations associated with EMB resistance were found in 91.7% 

11/12) of the resistant isolates, all carried on the Met306Val amino 

cid change in the embB gene. However, 18.1% (53/293) of the 

MB-susceptible strains also had resistance-associated mutations. 

mong 47 STR-resistant strains, 28 (59.6%) had related resistance 

utations identified on the rrs (11/47), gidB ( 11/47) and rpsL ( 7/47) 

enes ( Figure 1 ). Second-line drug-resistance-associated variants 

ere found in nine strains, all of which carried amino acid sub- 

titutions at codon 94 on the gyrA gene (Asp94His, Asp94Gly, 

sp94Asn, Asp94Tyr and Asp94Ala), related to fluoroquinolone re- 

istance. One of these nine strains also had a mutation on the 

rs gene (1401 A > G), which is a known marker of aminoglyco- 

ide resistance (see online supplementary material for complete 

esistance-associated variant profiles). For one of these nine pa- 

ients with pre/XDR-TB, the outcome was cure following a change 

n the anti-TB regimen. In the other eight individuals, an un- 

avourable outcome was seen: four had treatment failure, three 

ere lost to follow-up (including the one case of XDR-TB), and one 

ied. 

.3. Genetic diversity of M. tuberculosis 

The two typing methods implemented – in-silico spoligotyping 

nd SNP-based typing – assigned 303 (99.3%) clinical strains to M. 

uberculosis Lineage 4, one strain to Lineage 1 (EAI5) and one strain 

o M. bovis ( BOV1) species. SNP-based classification showed pre- 

ominance of the 4.3.4.2 (LAM) sublineage in 63 (20.7%) strains, 

.3.3 (LAM) in 61 (20%) strains, and 4.1.2.1 (Haarlem) in 54 (17.7%) 
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Table 1 

Agreement between phenotypic testing and genome-based drug resistance prediction with 

sensitivity and specificity values for whole-genome sequencing (WGS)-based resistance de- 

tection. 

Drug DST Total WGS (R) WGS (S) Sensitivity Specificity PVP PVN 

INH R 284 282 2 a 0.99 1.00 1.00 0.91 

S 21 0 21 

RIF R 174 172 1 a 0.99 0.97 0.98 0.99 

S 131 25 b 106 

EMB R 12 11 1 0.92 0.82 0.17 1.00 

S 293 53 240 

STR R 47 28 19 0.60 0.92 0.57 0.93 

S 258 21 237 

DST, drug-susceptibility testing; R, resistant; S, susceptible; INH, isoniazid; RIF, rifampicin; 

EMB, ethambutol; STR, streptomycin; PVP, predictive value for a positive test; PVN, predictive 

value for a negative test. 
a Mycobacteria Growth Indicator Tube (MGIT) and minimum inhibitory concentration (MIC) 

determination were performed to confirm phenotypic resistance. 
b Disputed mutations in the rpoB gene were identified in 22 strains. Due to the well- 

established basis of these mutations, RIF-susceptible samples on MGIT presenting disputed 

mutations were considered to be phenotypically resistant. The remaining three RIF-susceptible 

samples on MGIT, carried on the rpoB gene and highly related to resistance variants, were sub- 

mitted to MGIT to confirm phenotypic susceptibility. 

Figure 1. Mutation patterns underlying first-line drug resistance among the 305 drug-resistant Mycobacterium tuberculosis strains. 
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trains. All 188 strains (61.6%) assigned to the 4.3 (LAM) sublin- 

age carried the fbpC 103 polymorphism, a known LAM SNP marker; 

D174 was found in 64 (34%) of these LAM strains and RD115 

as found in 55 (29.3%). In-silico spoligotyping revealed 62 dis- 

inct patterns and 48 different SITs among the 305 clinical strains. 

he most common SITs were: 53/T1 in 40 (13.1%) strains, 93/LAM5 

n 26 (8.5%) strains, 65/T1 in 24 (7.9%) strains and 42/LAM9 in 

2 (7.2%) strains. The SITVIT2 database did not assign any SITs 

o 24 (7.9%) strains ( Figure 2 ). SNP barcode-based typing was 

ble to assign a sublineage to 12 strains that were previously 

nclassified or ill defined by spoligotyping. Disagreements be- 

ween spoligotyping and SNP-based typing methods were related 

o the T spoligotype. The complete typing profile for each strain 

s presented in the online supplementary material (molecular 

heet). 
4 
.4. Whole-genome-sequencing-based M. tuberculosis transmission 

nalysis 

The final wgSNP alignment of the 305 M. tuberculosis strains in- 

luded in this study resulted in 28,974 positions and evidenced an 

verage distance of 4 98.6 8 SNPs between strains. Five SNPs was 

sed as the threshold for genomic relatedness detection in M. tu- 

erculosis genomes, which could reveal recent or ongoing trans- 

ission as proposed by Walker et al. [18] . From 305 strains, 168 

55.1%) were grouped into 28 genomic clusters. Among those, 22 

pi-links were identified, involving 77/168 (45.8%) patients: 47 at 

ommunity level, 30 in prison and two household contacts (see on- 

ine supplementary material). Among the 169 patients with MDR- 

B, 124 (73.4%) were grouped into genomic clusters. The three 

argest clusters identified (GC1, GC2 and GC3) harboured strains 
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Figure 2. Phylogenetic tree reconstructed using the maximum likelihood approach from genome-wide alignment of the 305 Mycobacterium tuberculosis strains with 28,974 

high-quality positions. The resulting tree was rooted on Mycobacterium cannettii and annotated in Itol [17] . The tips were coloured according to genomic clustering (see 

legend). The phenotypic drug susceptibility profile for first-line drugs is represented in the red squares (resistant, filled squares; susceptible, empty squares). Spoligotyping 

clade/shared international type and single-nucleotide-polymorphism-based typing are annotated, and the triangle indicates the presence or absence of fbpC103 polymorphism 

(presence, filled triangle; absence, empty triangle). 
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rom the 4.3.4.2 (LAM), 4.1.2.1 (Haarlem) and 4.3.3 (LAM) sub- 

ineages, respectively. GC1 comprised 25 strains, 19 of which be- 

onged to SIT 93/LAM5. GC2 had 21 strains in total, 20 of which 

elonged to SIT 53/T1. Of the 17 strains in GC3, 15 had a spolig-

typing pattern assigned to SIT 863/PINI2 and 16 had a 12nt in- 

ertion at codon 435 of the rpoB gene (435QNNP > QNNPQNNP). 

urthermore, 14 of the 22 strains harbouring disputed mutations, 

nd susceptible according to the MGIT assay, were grouped into 

ve different clusters, mainly GC4 (9/22). 

The largest genomic clusters were mainly composed of MDR 

trains. However, in nine genomic clusters, the strains presented 

istinct intracluster drug-resistance patterns. For example, GC1 

as composed of 19 MDR strains and five INH-monoresistant 

trains, and GC4 had a heterogeneous composition (five polyresis- 

ant, four INH-monoresistant and four MDR strains). In addition, 13 

Cs had intracluster acquisition of additional mutations conferring 

esistance to first- and second-line drugs (see online supplemen- 

ary material). The distribution of clustered strains was also anal- 

sed in terms of the different cities in Rio Grande do Sul state, 

nd the highest occurrence was found in cities with the highest 

ncidence of TB (mainly the metropolitan area of Porto Alegre and 

he state capital) [26] . Figure 3 shows the geographical distribu- 

ion of studied strains, revealing a higher concentration of stud- 

ed cases and clustered strains (77.4%) in the metropolitan area of 

orto Alegre (incidence rate 84.4 cases/10 0,0 0 0 population) [2] . In 

orto Alegre, clustered cases were mainly observed in four districts 

Santa Tereza, Rubem Berta, Mário Quintana and Sarandi) – dis- 

egarding the cases from the city’s prison – accounting for 40.3% 
5 
f clustered cases in the city. The pairwise geographical distance 

etween patient residences within the five larger genomic clus- 

ers was statistically lower than observed in non-clustered cases 

 P < 0.05). 

. Discussion 

Rio Grande do Sul has the fourth highest TB mortality rate 

mong Brazilian states, and recent studies in the region have 

hown important chains of transmission of DR- M. tuberculosis 

trains that impair disease control [ 2 , 4 , 27 , 28 ]. Data are lacking re-

arding the real incidence of DR-TB in Rio Grande do Sul, as in 

ther Brazilian states, as these data are poorly covered in national 

eports. In this retrospective study, DR-TB cases identified at Rio 

rande do Sul State Central Laboratory were reviewed to obtain 

he epidemiological scenario of resistance in the state. 

Overall, the predicted genome-based resistance showed good 

oncordance with phenotypic resistance testing, ranging from 

9.3% and 98.7% resistance to INH and RIF, respectively, to 82.3% 

nd 86.9% resistance to EMB and STR, respectively, in accordance 

ith global data [ 29 , 30 ]. Interestingly, 88.7% of EMB-susceptible 

trains harbouring resistance-associated mutations were MDR, sim- 

lar to the results of a previous study in Russia [31] . Lower sensi-

ivity to the detection of STR resistance was found; this has been 

eported in previous studies with global strain sets, and could 

e associated with poor genomic predictive performance for STR 

esistance within Lineage 4 [ 32 , 33 ]. A relevant finding observed 

rom molecular versus phenotypic comparison was the presence 
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Figure 3. (A) Geographical distribution of the 305 drug-resistant tuberculosis cases in Rio Grande do Sul state. The colours of each marker represent the genomic cluster of 

each strain (see legend). (B) Zoomed image representing the Porto Alegre metropolitan region. The data were plotted in the map using Microreact [19] . An interactive ver- 

sion is available online at https://microreact.org/project/cZ1SD6nx9LqimJHhNoToG5 . (C) Pairwise geographical distances of all patients, and non-clustered and intraclustered 

groups. 
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f well-characterized disputed mutations in the rpoB gene [25] in 

2 strains that were susceptible to RIF on MGIT. In these strains, 

isputed mutations were found in 21.9% (21/96) of phenotypically 

NH-monoresistant strains, suggesting potential underestimation of 

he proportion of MDR cases, and may result in incorrect anti-TB 

reatment. The fact that 17 patients infected with these strains re- 

eived an MDR-TB regimen shows the failure of the first-line reg- 

men despite being considered simple INH-monoresistant strains, 

nd two deaths during treatment shows the clinical relevance of 

hese mutations. In addition, the potential for dissemination of 

hese strains is further stressed by the detection of isolates bearing 

hese variants in genomic transmission clusters, particularly GC4. 

hese novel findings in Brazil reveal the importance of tracking 

trains harbouring disputed mutations for accurate TB surveillance 

nd control in the region. 

As revealed by previous studies carried out in the region 

 4 , 27 , 28 ], the main genotypes associated with first-line drug resis-

ance include high confidence mutations: katG S315T (in 50% of re- 

istant strains), katG S315T + inhA -15 C > T (in 17.6% of resistant

trains) and inhA -15 C > T (in 10.2% of resistant strains) causing 

esistance to INH. However, 3.9% (11/284) of INH-resistant strains 

nly carried resistance-conferring mutations on the ahpC promoter 

-48 G > A, -52 C > T, -54 C > T and -57 C > T), eight of which were

esistant to INH alone. Despite limited evidence about the role of 

utations in the ahpC-oxyR intergenic region conferring resistance 

o INH, several studies have found a potential association between 

hese variants and INH resistance [ 29 , 34 ], but usually as a com-

ensatory mechanism to mutations at katG , mainly non-315 mu- 

ations. Overexpression of the ahpC gene, producing an alkyl per- 
6 
xidase that also protects the bacillus against the toxic effects of 

rganic peroxides, may occur due to reduced activity of catalase 

eroxidase. In addition, this study found mutations in the ahpC 

ene in six strains, which also carried variants in the katG gene, 

ll of which were non-315 mutations. Regarding the 11 strains that 

arried ahpC gene variants alone, no other molecular markers that 

ould elucidate the mechanisms causing resistance were identified. 

n order to further understand the occurrence of resistance in these 

trains, there is a need to analyse other molecular mechanisms, 

uch as the expression of efflux pumps. 

RIF resistance was mainly caused by variants carrying the rpoB 

450L (in 54.6%) and rpoB S450L + A286V (in 10.9%) mutations, 

nd by the 12-nucleotide insertion at codon 435 of the rpoB gene 

in 9.2%), stressing the significant spread of these highly RIF- 

esistant strains (MIC ≥32 mg/L) in the population [6] . In the same 

ay, most common resistance-associated mutations were found 

mong clinical strains that were phenotypically resistant to EMB 

 embB M306V in 83.3% of resistant strains) and STR ( rrs 492 C > T

n 14.9% and rpsL K43R in 14.9% of resistant strains), similar to re- 

ults in global collections [14] . 

Mutations conferring resistance to second-line drugs were 

ound in nine strains: six MDR strains had mutations conferring 

uoroquinolone resistance in the gyrA gene, one polyresistant and 

wo INH-monoresistant strains had associated resistance mutations 

n the gyrA gene, and one of the latter also had a nucleotide 

hange (1401a > g) in the rrs gene that was related to resistance 

o injectable second-line drugs, characterizing an XDR-TB case (see 

nline supplementary material). According to clinical data, only 

ne of these nine pre/XDR-TB individuals had a favourable out- 

https://microreact.org/project/cZ1SD6nx9LqimJHhNoToG5
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ome, and three of them were lost to follow-up, which may have 

ontributed to the spread of this resistance. In this study, DST 

o second-line anti-TB drugs was not performed, precluding com- 

arison with WGS-based predictions. However, a previous work 

howed good concordance among resistance-conferring mutations 

nd phenotypic resistance to fluoroquinolones amid a subset of 

linical strains from the same region [4] . 

As characterized previously by recent studies in the region, the 

opulation structure of M. tuberculosis is mainly composed of LAM 

nd Haarlem strains [ 4 , 27 ]. The same predominance of LAM strains

ccurs in the bordering state of Santa Catarina [35] , despite pre- 

ominance of the 4.3.3 sublineage in the neighbouring state com- 

ared with predominance of the 4.3.4.2 sublineage observed in the 

resent study. As well as being able to determine the sublineage 

f strains not classified by spoligotyping, SNP typing was also able 

o reclassify a large set of strains previously defined as T sublin- 

age into more plausible sublineages based on their spoligotype 

attern. From 93 strains that were assigned as T clade by SITVIT2, 

nly 16 were classified as T clade by SNP-based typing; the re- 

ainder were mainly assigned to the 4.1.2.1/Haarlem sublineage 

39.8%). This fact was evidenced by 12 strains carrying the fbpC103 

ariant, a known LAM marker, and by the position in the phyloge- 

etic tree. Moreover, the ill-defined family T assigned by spolig- 

typing, especially the spoligotype SIT53, has been demonstrated 

reviously as a common pattern for different sublineages in Lin- 

age 4 [36] . 

Overall, the estimated recent transmission rate of 55.1% among 

he 305 studied samples, which is higher than that registered 

n the bordering state of Santa Catarina [35] (mainly susceptible 

trains) and other regions with a high burden of TB [37] and MDR- 

B [38] , shows that important transmission chains are feeding the 

ngoing transmission in the region. However, the most worrying 

act revealed in this study concerns MDR strains, 73.4% of which 

ere grouped in genomic clusters. The three larger genomic clus- 

ers found in the present analysis consisted, almost exclusively, 

f MDR strains. GC1 was mainly constituted (24/25) by strains 

rom individuals without a history of imprisonment, with 15 in- 

ividuals involved in identified community epi-links, representing 

 large ongoing chain of transmission in the community. In GC2, 

0/21 strains were isolated from prison inmates, and in GC3, 8/17 

f the clustered strains came from prison inmates or individuals 

ith a recent history of incarceration, along with a prison worker. 

hus, GC3 represents an important active transmission chain in- 

olving the inmate population and the community [6] , similar to 

hat found in other regions in Brazil [39] and worldwide [40] . 

The larger ongoing transmission chains were found in Porto 

legre (capital and metropolitan area). In Porto Alegre, the four 

istricts accounting for 40.3% of clustered cases in the city pre- 

ented the lowest Human Development Index [7] , reinforcing the 

eed for more robust TB control measures in this region. The pres- 

nce of MDR strains in genomic clusters composed principally of 

ono-/polyresistant profiles, along with intracluster acquisition of 

esistance-related mutations seen in multiple (mainly larger) clus- 

ers, indicates the de-novo emergence of MDR-TB in those clusters, 

eading to the amplification of resistance; this is an additional im- 

ortant area of concern for TB control. 

. Conclusions 

These findings reveal important aspects of the molecular ba- 

is of drug resistance in M. tuberculosis strains circulating in Rio 

rande do Sul, Brazil, showing the ability of molecular assays to 

etect drug resistance, and their importance to detect RIF resis- 

ance caused by disputed mutations, thus avoiding missing MDR 

ases. Multiple ongoing transmission events of DR M. tuberculo- 

is strains were identified, mainly MDR strains, stressing the need 
7 
or measures to interrupt M. tuberculosis transmission in the region 

nd the need to improve TB control in prisons. 
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