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Drug resistant tuberculosis (DR-TB) is an important public health issue in different parts of the 

world. Mycobacterium tuberculosis complex variants (MTBC vars) preferentially infect certain 

hosts, limiting their distribution to different ecosystems. However, MTBC vars can infect other 

hosts beyond their preferred target potentially contributing to persistence of drug resistance (DR) in 

other niches. Here, we performed a comprehensive intra-host genetic analysis for the identification 

of DR-related mutations among all MTBC minor vars whole genome sequences (8,095 strains) 

publicly available worldwide. High confidence drug-resistance mutations in katG (isoniazid), rpsL 

(streptomycin), pncA (pyrazinamide), rpoB (rifampicin) and gyrA (fluoroquinolones) genes were 

identified among intrahost minor sub-populations in 197 different strains (2.43%) belonging to vars 

africanum, bovis, caprae, microti, orygis and pinnipedii. In addition, a three-dimensional structure 

modeling analysis to assess the role of novel mutations was also performed. Our findings highlight 

the importance of detecting discrete intra-host populations carrying DR mutations. 

1. Introduction 
Tuberculosis (TB) is a major public health problem in different geographical regions [44]. Drug resistant TB (DRTB) is 

an increasingly growing issue that significantly impacts therapy and overall patient’s management [13]. DR-TB is often the 

result of improper treatment and/or regimen adherence. Occurrence of multi-drug (MDR) and extensively drug resistant 

(XDR) strains further jeopardizes the success of tuberculosis control programs aiming to limit spread of disease [41]. The 

World Health Organization has recently updated the definitions for DR-TB. Thus, MDR-TB is defined as strains exhibiting 

resistance to both isoniazid and rifampicin. In turn, pre-XDR-TB includes MDR strains which are rifampicin (RR-TB) and 

fluoroquinolone resistant [30]. XDR-TB is defined as MDR/RR-TB strains which are resistant to fluoroquinolones in 

addition to at least one group A drug [30]. Group A includes some of the most 
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potent antibiotics for TB treatment such as levofloxacin, moxifloxacin, bedaquiline and linezolid [15, 24]. 

MDR and XDR mechanisms of resistance are majority attributed to chromosomal mutations. Isoniazid is a prodrug 

that inhibits mycobacterial mycolic acid synthesis and the main gene involved is katG. Other anti-tuberculosis drugs block 

mycobacterial protein synthesis by several means; rifampin binds to the beta subunit of RNA polymerase (coded by rpoB 

gene), fluoroquinolones bind to DNA gyrase (coded by gyrA gene), and streptomycin binds to 30s ribosomal protein 

(coded by rpsL gene), whereas pyrazinamide mechanism of resistance is mediated by pyrazinamidase enzyme (coded by 

pncA gene) and is not yet fully understood but requires an acidic pH with to kill mycobacteria [26]. 

TB is caused by a group of closely related but genetically distinct mycobacteria also known as the Mycobacterium 

tuberculosis complex (MTBC) [37]. MTBC groups 12 variants (vars) including M. tuberculosis vars tuberculosis (sensu 

stricto), africanum, bovis, caprae, microti, canettii, pinnipedii, mungi, orygis, suricattae, "dassie bacillus" and "chimpanzee 
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bacillus". MTBC host range is preferentially limited to certain hosts. As a result, MTBC vars tuberculosis sensu stricto, 

and africanum are primarily associated with human infections while bovis mostly infects bovines and deer [7]. MTBC var 

microti is generally observed among rodents. Other MTBC minor vars infect a wide range of hosts [1, 11, 17, 31, 37]. 

However, MTBC vars can and do infect other mammals beyond their preferred hosts. This is of importance since DR-TB 

strains could potentially be transmitted among hosts in different ecological niches; resulting in reservoir pockets that could 

participate in maintaining DR strains in a given geographical region. 

Mycobacterial sub-populations within a single host are often clonal or displayed low genetic diversity [27, 36]. Thus, it 

is well accepted that consensus whole genome sequence (WGS) might be sufficient to identify DR patterns among isolates 

[28]. Consequently, mycobacteria are frequently sequenced at relative low depth limiting the detection of discrete traits 

among minor sub-populations [18]. Analyzing the architecture of the intra-host genetic population could potentially shed 

light on the micro-evolution [21, 38], emergence and persistence of DR strains. However, intrahost genetic diversity among 

minor MTBC vars (all members of the complex except for var sensu stricto) has been poorly investigated [4]. In TB, 

resistance-related mutations commonly emerge via intra-host evolution as a consequence of inadequate therapy or lack of 

adherence to treatment [4]. As a result, mycobacterial sub-populations within a given host have the potential to exhibit some 

degree of diversity due to the occurrence of the novo mutations or mixed infections [8, 23]. Heteroresistance (HR) is defined 

as the cooccurrence of sub-populations with increased antibiotic resistance in the presence of a susceptible main population 

in a clinical isolate [2]. HR is frequent among different bacteria, and it is particularly associated with treatment failure due to 

enrichment of low frequencies resistant sub-populations during the treatment course [14]. Heteroresistant subpopulations 

can both, revert to a susceptible phenotype or expand in the absence of the corresponding antibiotic [14]. HR has been 

previously reported among MTBC var sensu stricto [29]. However, the extent of HR among other MTBC vars is largely 

unknown. 

WGS is rapidly becoming the standard method for advanced genetic characterization of TB strains [42]. Importantly, 

sequence depth has a significant impact in our ability to identify discrete traits among intra-host sub-populations [39]. 

Bacteria isolates are commonly sequenced at low depth (<100x), particularly when reference genomes are used for read 

mapping. This significantly limits the identification of discrete traits [18]. It is noteworthy that most algorithms overlook the 

intra-host minor sub-populations by exclusively reporting consensus sequences [27]. Additionally, state-of-the-art assembly 

algorithms tend to exclude genomic regions where variants occur, due to a low k-mer frequency, effectively preventing the 

identification of discrete traits. This is a major disadvantage that effectively prevents the identification of sub-populations 

carrying discrete traits such as DR mutations. Therefore, the development of frameworks for the detection of minor intra-

host mycobacteria sub-populations harboring mutations conferring resistance is of importance. Such frameworks could 

potentially lead to the identification of novel DR mutations. 

Thus, DR-TB among MTBC minor vars might play a critical role in the maintenance of a resistant phenotype in a 

given region. Therefore, identification of mutations conferring resistance to the first- and second-line drugs among intra-

host sub-populations in MTBC minor vars could provide relevant information about the genetic mechanisms driving 

acquisition and fixation of drug resistant mutations among different MTBC lineages. Moreover, persistence of a resistant 

phenotype among non-human hosts in different ecological niches could potentially interfere with success of local TB 

control programs. Here, we performed a comprehensive intra-host genetic analysis including all minor MTBC WGS 

reported in public databases. Additionally, we carried out a three-dimensional structural analysis for all novel (not 

previously reported) mutations localized at the characteristic residue positions responsible for high confidence DR 

mutations. Our findings highlight the importance of implementing high resolution laboratory and bioinformatics 

approaches for the detection of discrete traits among intra-host mycobacteria sub-populations in MTBC vars. 

2. Methods 
2.1. MTBC WGS 

All WGS (8,074 sequences) available from the Sequence Read Archive, National Center for Biotechnology 

Information were included in the study with the exception of strains belonging to MTBC var sensu stricto. Raw reads were 

processed as previously described [43]. Briefly, FASTQ files were obtained using the SRA Toolkit. Sequence read 

sequence quality control was assessed with FastQC v0.11.5 [3]. Fastp was used to remove adapters, short and poor-quality 

reads (Phred<25) [9]. Reads were scanned for the specific codons or nucleotide for high confidence mutations conferring 

resistance. If a given resistance-related mutation was found, the individual quality of the adjacent nucleotides was 

assessed. Thus, only high-quality sequence reads were analyzed. All strains meeting the inclusion criteria are shown on 

Suppl. Table 1. Post-processed samples were also analyzed with Res-finder [6], Point-finder [45] and TB-Profiler [33] 

tools. WGS were categorized accordingly to the infecting MTBC var. Only sequences with a minimum of 40X depth of 

coverage were included in the final analysis (8,047). BAM tools were used to generate the corresponding alignment files. 
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2.2. DR mutations 

Three different strategies were used to identified DR mutations: a) TB-profiler [33]; b) Point-Finder [45]; and c) a 

custom approach to identify individual sequence reads carrying DR mutations. TB-profiler and Point-Finder were used to 

identify strains exhibiting major sub-populations (consensus) carrying DR mutations. Our custom approach uses the raw 

sequences of whole genomes obtained by massive sequencing to extract the regions in which mutations associated with 

high-confidence MTB resistance are found. These sequences also contain the PHRED scores to determine the probability 

of error for each nucleotide. Sequences are first filtered regarding the average PHRED quality greater than 20 and then 

according to the resistance determining codon. This script filters and discards those that do not meet the length and quality 

criteria. Furthermore, translates the codons to the respective reading frame and generates a table that allows us to 

determine the variability of changes in each categorical and numerical region, resulting in detecting the smallest variations 

at low sequencing depth. This method provides more information than Point-Finder or Res-finder since the identification 

of any amino acid change is related to the count number of changes of the original NGS reads in addition to the assemblies 

of the others which delete minor changes. 

2.3. DR prediction analysis 

Effect on amino acid variation for non-previously reported mutations was assessed with PROVEAN, SUSPECTRIF and 

SUSPECT-PZA. PROVEAN [10] uses an alignment-based scoring system to predict the effects of mutations, deletions, and 

insertions on proteins. SUSPECT-RIF [34] and SUSPECT-PZA [20] are predictive binary classifiers to interpret genomic 

variants in rpoB and pncA genes respectively. Changes in alignment scores denote the impact of a mutation on protein 

function; results are then reported as deleterious or neutral or as a predicted resistance. All novel mutations (161) were 

analyzed using the consensus amino acid sequence as background for each protein (gyrA, katG, pncA, rpoB and rpsL). 

Scores are depicted in Supp. table 7. 

3. Results 
3.1. MTBC minor vars 

We defined MTBC minor vars as all members of the complex with the exception of var TB sensu stricto. Therefore, our 

analysis selectively included all MTBC WGS minor vars reported in the Sequence Read Archive database. The final data 

set comprises all 8,095 MTBC minor vars WGS publicly available until Feb 2021 including M. tuberculosis vars 

africanum, bovis, caprae, microti, canettii, pinnipedii, mungi, orygis, suricattae, "dassie bacillus" and "chimpanzee bacillus" 

(Suppl. Table 1, deposited on Mendeley at http://dx.doi.org/10.17632/zv2gx42cs7.1). Sequences were categorized by 

variant and host. The summary of all strains included in the study are shown in Table 1. 

All MTBC var africanum strains reporting host information were recovered from human cases (751). MTBC var bovis 

isolates were recovered from badgers (199), bison (4), cattle (2,844), coyote (1), goat (2), deer (321), elephant (1), cat (7), 

hedgehog (1), human (134), capybara (1), llama (3), wild dogs (5), bobcat (1), weasels (118), opossum (11), sheep (1), 

chimpanzee (2), panthers (4), pigs (74), racoon (14), rhinoceros (1), wild boar (11), buffalo (7), antelope (1), brushtail 

possum (113). Host information was not provided for 2,781 isolates and 7 isolates were reported as recovered from 

primates. Host information was not available for strains belonging to MTBC var microti except for one human isolate. The 

only MTBC var mungi strain included in the study was recovered from a mongoose. MTBC var caprae isolates were 

recovered from cattle (61), deer (4), Asian elephant (2), human (1), and rhinoceros (1). Three strains were reported as 

recovered from primates and one from monkey. Four MTBC var pinnipedii isolates were recovered from sea lions and 

eight lack host information. MTBC var orygis were obtained from gaur (1), cattle (14), deer (5), and humans (10). Eight 

isolates did not report host data. MTBC var d. bacillus were recovered from rock hyrax (3) and suricate (1). All MTBC var 

suricattae strains were obtained from suricate (4). All MTBC var canettii isolates (25) reporting host information were 

recovered from human cases; in addition to twenty two strains with no host information. The only isolate from MTBC var 

c. bacillus was obtained from a chimpanzee. 

3.2. DR profile characterization 

All WGS were assembled, and the corresponding DR pattern was inferred using our custom approach as well as TB-

Profiler [33] and PointFinder [45]. We initially identify the consensus DR profile for all strains using all three strategies. 

Mutation in residue 57 (H⇒D) in the pncA gene was not taken into consideration for the DR analysis for MTBC var bovis 

strains. 
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3.3. Consensus DR detection 

DR mutation detection using our custom approach are listed in Suppl. Table 2. A total of 176 different DR strains 

belonging to MTBC vars africanum and bovis were found to exhibit at least one DR mutation, including 26 MDR isolates, 

64 poli-resistant and 133 mono-resistance strains. MDR was exclusively limited to africanum strains. 

3.3.1. Isoniazid DR-TB 

Mutations associated with DR to isoniazid located in the katG gene were exclusively observed among MTBC var 

africanum (69), with the exception of two bovis isolates. All 71 isolates carried the characteristic substitution in nucleotide 

position 944, corresponding to residue 315 in the catalase-peroxidase enzyme. The point mutation located in S315N, S315I 

and S315T, were observed in two, nine and sixty strain, respectively. We observed 11 MDR isolates among DR MTBC 

var africanum strains, 6 recovered from human cases and 5 with no host information. 

3.3.2. Rifampicin DR-TB 

Rifampicin DR was also primarily observed among africanum isolates (21) and one bovis strain. Mutations in the rpoB 

gene corresponded to amino acid changes in the protein located at D435V and S450L, with 8 and 14 strains, respectively. 

Eleven isolates exhibiting a MDR phenotype belonged to MTBC var africanum with 6 strains reporting human as host. 

3.3.3. Fluoroquinolone DR-TB 

Twenty-three fluoroquinolone DR strains (10 africanum and 14 bovis) showed mutations in the gyrA gene. These 

substitutions corresponded to residue A90, and D94, nine and fourteen mutations, respectively (Suppl. Table 2). All MTBC 

var africanum strains were recovered from human cases and showed the characteristic high confidence mutation in residue 

A90V with the exception of one strain that exhibited a mutation in residue D94G. MTBC var bovis strains showed 

mutations exclusively in D94G. None of the isolates exhibited a MDR phenotype. 

3.3.4. Streptomycin DR-TB 

Streptomycin resistance associated with mutations in the rpsL gene was observed among 98 strains, 64 africanum and 

34 bovis isolates. In the protein these mutations correspond to K43R and K88R, with 77 and 21 isolates, respectively. Three 

africanum strains were MDR, two of them recovered from human cases. 

3.3.5. Pyrazinamide DR-TB 

Isolates with mutations conferring resistance to pyrazinamide in gene pncA belonged exclusively to MTBC var 

africanum. In the protein these mutations (Q10P, H57D and L172P) were recovered from two, five and one strain, 

respectively. No host information was available from any of these isolates. However, none of the strains exhibited a MDR 

phenotype. The characteristic mutation in H57D was absent in 14 bovis strains, resulting in a TB-like phenotype. 

We compared the performance of our custom approach versus two state-of-the-art approaches, TB-Profiler and 

PointFinder, for the detection of DR-Tb. Our custom approach exclusively focused on high confidence mutation while both 

TB-Profiler and PointFinder are capable to identify more DR mutations (medium and low confidence). Only high 

confidence DR mutations were included in the comparative study since our custom approach selectively excludes all 

medium and low confidence DR mutations. High confidence mutations identified by TB-Profiler and PointFinder are listed 

in Suppl. Tables 3a and 4a, respectively. Figure 1 depicts the overlapping between all three methods. 

Figure 1. TB-Profiler, Point-Finder and custom algorithm comparison. All three strategies are color coded (yellow; 

Custom algorithm, red; TB-Profiler and blue; Pointfinder). The overlapping regions represent the isolates that were 

classified identically by different methods. 

Overall, our custom approach exhibited a good correlation with the data obtained with TB-Profiler and PointFinder. 

Discrepancies between our custom approach (10) and TB-Profiler and PointFinder were confirmed by inspecting all 

original files individually. All medium and low confidence mutations identified by TB-Profiler and Point-Finder are listed 

is Suppl. Tables 3b and 4b, respectively. 
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DR isolates were identified by TB-Profiler and PointFinder recovered from non-human hosts included cattle, elephants, 

and deer. Our custom approach identified DR mutations in intrahost sub-population in a wide range of non-human hosts 

(possum, cattle, deer, pig, sheep, raccoon, llama, and badger). 

3.4 DR detection among minor sub-populations 

We observed minor intra-host sub-populations carrying substitutions occurring in residues associated with DRTB. In 

total, 197 strains displaying minor sub-populations bearing, at least one, high confidence DR mutations were identified 

(Suppl. Table 5). 

3.4.1. Isoniazid DR-TB 

Twenty-one different strains exhibited minor sub-population with DR mutations conferring resistance to isoniazid. 

Three different mutation were observed in residue 315 (S315I, S315N and S315T). Both MTBC vars africanum and bovis 

isolates were recovered from human and non-human hosts (possum and cattle). 3.4.2. Rifampicin DR-TB 

Twenty-four isolates displaying intra-host sub-populations harboring mutations in the rpoB gene were identified. In the 

protein, four different residues mutations conferring high confidence resistance to rifampicin were observed (D516V, 

H526D, H526Y, and S531L). Strains belonged to MTBC vars africanum (2); bovis (18), caprae (1), orygis (2), and 

pinnipedii (1). Both africanum isolates were recovered from human cases while 12 bovis strains were obtained from cattle. 

The only caprae strain was also obtained from cattle. Three bovis strain were recovered from different non-human hosts 

[possum (1), deer (1) and raccoon (1)]. The orygis strains were recovered from human and cattle. 

3.4.3. Fluoroquinolone DR-TB 

Eighty-six isolates displaying resistance to fluoroquinolones in the gyrA gene were detected in minor sub-populations. 

Amino acid substitutions in the protein were located at A90V, S91P, S91P, D94Y, D94A, D94G, D94H and D94N. 

Mutations in residues A90, S91 and D94 were observed in 24, 14 and 47 strains, respectively. These strains primarily 

belonged to MTBC vars africanum (36), and bovis (44); however, other vars such as caprae (4) microti (1) and pinnipedii 

(1) were also identified. Human isolates were recovered from 19 africanum strains and one microti isolate. MTBC var bovis 

isolates were recovered from cattle (31), badger (1), possum (1), pig (1), sheep (1), raccoon (1), deer 

(1), and llama (1). 

3.4.4. Streptomycin DR-TB 

Thirty-five strains exhibiting DR mutation to streptomycin in the rpsL gene among intra-host minor subpopulations 

were also observed. In the protein, mutations in residue K43 and K88 showed the characteristic K⇒R substitution in 16 and 

19 isolates, respectively. All strains belonged to MTBC var bovis with the exception of four africanum isolates. All four 

africanum strains were recovered from human cases while 19 bovis isolates were obtained from cattle. Two bovis isolates 

were recovered from deer and one from a ferret. 

3.4.5. Pyrazinamide DR-TB 

MTBC var bovis strains carrying mutation H57D located in the pncA gene were not considered for this analysis due to 

the intrinsic occurrence of this substitution in this lineage. Drug resistance to pyrazinamide was observed in 48 different 

strains. In the protein these mutations were located in residues Q10P, D12A, D12N, Y34D, D57H, H57D, and L172P. 

Strains carrying such mutations belonged to vars africanum (10), bovis (33), and caprae (4). Human isolates belonged to 

MTBC vars africanum (7) and bovis (1). Bovine strains were obtained from MTBC vars bovis (16) and caprae (4). 

Additionally, two bovis isolates were recovered from deer, one from a badger and one from a possum. 

3.5. Novel mutations 

Our custom approach also identified a large set of not previously reported mutations located in residues associated with 

DR-TB (Suppl. Table 6). In total, 707 different strains carrying these novel mutations were identified. Most novel 

mutations were observed among intra-host subpopulations. However, in some isolates, the corresponding mutation 

represented the predominant population. Importantly, none of the novel substitution identified by our custom approach 

were simultaneously identified by TB-Profiler or PointFinder. The PROVEAN index for each substitution was used as a 
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proxy for DR (protein function disruption) for the prediction of isoniazid, fluoroquinolone and streptomycin DR. Suspect 

Rif and PZA were used to predict rifampicin and pyrazinamide DR. 

3.5.1. Genetic diversity in residues participating in DR-TB 3.5.1.1. Catalase-peroxidase 

The katG gene showed the lowest degree of genetic variability among all five DR-related genes analyzed. In the 

catalase-peroxidase KatG protein, six different substitutions in residue 315 among 11 different strains were observed in the 

protein. The characteristic serine found in wild type strains was replaced by three hydrophobic residues (A, C and M); in 

two, five and one strains respectively. Two hydrophilic (D and K), as well as one neutral (P) residue were observed in one 

strain each. Isoniazid drug resistance mediated by substitutions in residue 315 is highly susceptible to modifications 

reducing the size of the heme access pore as result of replacements with larger amino acids [16]. Amino acid volume 

showed a good correlation with PROVEAN scores [10]. Five substitutions resulted in larger amino acids likely reducing 

the pore size and effectively preventing drug access to the oxidizing site (Figure 2). On the other hand, the two strains 

carrying the smaller A at this position were not likely to reduce the size of the pore (sensitive). Seven isolates were 

recovered from non-human hosts; two deer strains and five from cattle. These finding could potentially represent an 

increase likelihood of DR-Tb in different ecological niches. 

Figure 2. Novel amino acid substitutions in the katG gene. Amino acid substitutions located in residue 315. 

PROVEAN indexes and hydropathy (Kyte-Doolitle scale) are depicted in the Y and X axis, while the bubble size 

represents the amino acid volume. Hydropathy scores are represented by colors: hydrophilic (blue), hydrophobic (yellow), 

neutral (red). All substitutions displayed deleterious PROVEAN indexes and larger volumes than serine (wild type). The 

dotted line depicts the PROVEAN threshold. Solid lines delimit the hydropathy zones. 

3.5.1.2. RNA polymerase (𝛽 subunit) 

The rpoB gene was the second most variable (Suppl. Table 6). The protein DNA-directed RNA polymerase subunit 

alpha presented a total of 34 different substitutions occurring in three residues (D435, H445 and S450) associated with high 

confidence DR were observed among 146 different strains. Residues H445 and S450 interact directly with rifampicin by 

establishing hydrogen bridges at the drug binding site (Figure 3). On the other hand, D435 participates in the binding 

process via van der Waals bonds [22]. Consequently, changes in these positions are likely to affect drug binding, resulting in 

DR. All identified novel amino acid substitutions rendered deleterious PROVEAN scores. SUSPECT-RIF also categorized 

all substitutions as probable DR mutations. Substitutions in these residues included a wide array of amino acids with very 

different physical-chemical properties (Figure 3, Suppl. Table 7). This suggest that minor changes in these three residues 

effectively alter the protein function, resulting in resistance to isoniazid. MTBC vars carrying these substitutions belonged to 

africanum (41) bovis (74), caprae (18), microti (1), orygis(1), and pinnipedii (11). 

Figure 3. Genetic variability along the rifampicin binding site in the RNA polymerase 𝛽 subunit (PDB: 5UHC). Amino 

acid substitutions located in residues 435, 445 and 450 are depicted. Dotted lines represent the distance in Angstroms. 

Rifampicin is shown in cyan. 

3.5.1.3. DNA gyrase 

Thirty-two different substitutions were identified along the DNA gyrase protein in residues A90, S91 and D94 

(Suppl. Table 6). No specific DR predictive tools are available DNA gyrase for fluoroquinolones. The PROVEAN index 

was used as  a proxy for DR for mutations along the gyrA gene. Nineteen substitutions were classified as deleterious by 

PROVEAN (Suppl. Table 7). Two deleterious substitutions (I and L), in A90 resulted in replacement for significantly more 

hydrophobic amino acids. Neutral or hydrophilic substitutions had no deleterious effect on position 90. Eight deleterious 

amino acid changes in S91 were identified. The deleterious effect observed in residue S91 was directly associated with 

amino acid size. Deleterious substitutions were related to larger amino acids (D, H, I, L, M, N, R, and Y) than the serine 

found in sensitive strains. This likely increase the stereochemistry effect resulting in DR. Interestingly, S91C rendered a 

neutral mutation likely due to the smaller size of cysteine which does not seem to prevent drug binding. All nine 

substitutions in D94 (C, E, I, L, P, Q, R, S, and T) were deleterious suggesting a strong structural restriction in this residue. 

3.5.1.4. 30S ribosomal subunit 

PROVEAN scores were used as proxy for DR since no specific algorithms for the prediction of DR associated with the 

rpsL gen are available. All sixteen substitutions identified in Y43 (7) and Y88 (9) conferred a deleterious phenotype (Suppl. 
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Table 7). The physical-chemical properties of all 16 substitutions were significantly different. Therefore, the variability of 

the amino acids replacing the characteristic wild type K suggest that discrete changes have a significant impact in DR [12]. 

3.5.1.5. Pyrazinamidase 

The pncA gene showed the highest genetic variability. Seventy-one different novel substitution in six residues were 

detected in the protein pyrazinamidase (Figure 4A). Substitutions occurring in position 57 have been shown to play a 

critical role in DR [40, 32], since they directly affect the interaction with the Fe
+2 

ion. It is noteworthy that all resistance 

predicted substitutions occurred in residues not associated with drug or co-factor binding site. Most substitutions in 

residues 34 and 172 were not predicted as DR mutations. This suggests that these positions do not play a critical role in 

DR. All amino acid changes in positions 10, 12 and 14 resulted in DR (Suppl. Table 7). These residues seem to contribute 

to DR indirectly via interactions with amino acids associated with the co-factor (iron) binding site (Figure 4B). Indeed, 

both Q10 and D12 are intimately ligated to the catalytic triad [19]. 

Figure 4. Pirazinamidase novel mutations. Amino acid substitutions located in residues 10, 12, 14, 34, 57 and 172 are 

depicted. A) Non-deleterious substitutions are shown in red fonts. Hydropathy scores are color coded as in figure 2. Font 

sizes represent amino acid volumes B) 3D structural analysis (PDB: 3PL1) shows residues Q10, D12 and C14 (in orange) 

contributing to the deleterious effect observed in the pyrazinamidase. All three residues are distant from the characteristic 

H57 residue associated with DR. Likewise, all residues are not part of the drug binding site. Dotted lines represent the 

distance in Angstroms, iron ion are shown in green. 

4. Discussion 
Here we have shown the occurrence of DR mutations among intra-host sub-population in MTBC minor vars. Our 

results suggest the possible circulation of pre-emergent DR-Tb strains in different non-human hosts and niches. 

Identification of drug resistant MTBC vars other than tuberculosis sensu stricto is of importance since they can represent 

an alternative niche for the emergence and persistence of DR-TB in a given geographical region [7]. These findings 

highlight the importance of characterizing the intra-host mycobacteria population at sufficient depth to accurately detect 

minor sub-populations harboring DR mutations in a given host [21]. Additionally, we also report the occurrence of other 

novel mutations with possible implication in DR-Tb among different members of the MTBC. 

Our framework specifically identifies minor variants carrying discrete traits among mycobacteria intra-host populations. 

It has been shown recently that sequencing MTBC isolates at a higher depth (500–1000x) results in a much higher 

resolution allowing to link cases to the corresponding source [21]. This emphasizes the need to account for within host 

diversity into outbreak investigations as well as drug resistance detection and identification of other discrete traits. The 

implications of analyzing the intra-host genetic variability for other bacterial infectious agents of human interest, besides 

TB, is key to understand their molecular evolution. Detection of discrete variations within bacterial populations is 

determined by factors such as sequencing depth, pre-selection and isolation methods [27]. This is of importance since 

adequate representation of the bacteria population in a given sample could be misrepresented due to any of the 

aforementioned elements [39]. The possibility that other MTBC vars can contribute to maintain the circulation of 

tuberculosis lineages and resistance in other hosts and ecological niches warrants further research. 

Our custom approach and analyzes exclusively focused on high confidence, "bonafide" DR mutations [25]. We 

specifically selected high confidence DR mutations to increase the possibility of identifying strains with high potential for 

DR. While not all relevant DR mutations (medium and low confidence mutations) were considered in our custom approach, 

the most relevant issue is still the ample circulation of different MTBC vars strains from non-human hosts with a discrete 

DR-TB phenotype. Our approach produced comparable results to TB-Profiler and PointFinder for the high confidence 

mutations included in the algorithm (Figure 1). Using all three algorithms provided the highest resolution for DR detection. 

Our approach was also much more astringent for the detection of DR mutations. This was purposely hard coded to warrant 

the identification of true DR strains. In consequence, we cannot rule out the presence of other strains carrying actual DR 

mutations. Possible errors in our pipeline cannot be ruled out either due to the occurrence of sequencing errors. However, 

attributing all variant calls to these phenomena is unlikely. Likewise, the occurrence of sequencing errors at the residues 

related to DR-TB; leading to the characteristic amino acid associated with the corresponding DR phenotype is highly 

unlikely. The development of a more sensitive and comprehensive tool for the identification of hetero-resistance among low 

frequency intra-host sub-populations is needed. 
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MDR strains identified by TB-Profiler and PointFinder belonged primarily to africanum with few MDR bovis isolates 

(Suppl. Tables 3a and 4a). However, the possibility that some of these strains also exhibit minor intra-host subpopulations 

carrying other DR mutations associated with MDR is worrisome. Importantly, no XDR strains were detected by TB-Profiler 

or PointFinder among these isolates. However, and similarly to MDR, the risk of having strains bearing intra-host sub-

populations with a DR associated to XDR TB remains a concern. 

WGS is frequently performed at insufficient depth to properly identify discrete traits. Under these circumstances, the 

consensus DNA sequence is composed of high frequency variant calls generated by the assembler. This effectively 

“masks” low frequency traits harbored by minor intra-host sub-populations. As a consequence, well known genome 

assembly strategies fail to report the occurrence of DR mutations in low frequency sub-populations. Therefore, alternative 

molecular approaches such as real time PCR-based technologies still remain valuable tools in the absence of adequate 

strategies for the identification of discrete traits. The advent of NGS platforms with unprecedented depth such as the 

NovaSeq platform are likely to facilitate the identification of discrete traits in the foreseeable future. 

In our analysis, it is of critical importance to discriminate several non-human hosts, as it might represent a niche for the 

emergence; and consequently, persistence of DR MTBC variants which in turn could potentially impact local efforts to 

control TB. Indeed, drug resistance MTBC minor variants can infect humans despite the limitations imposed by the 

ecological niche in which some MTBC variants evolve 

[5, 35]. 

Our results suggest that DR mutations occurring in low frequencies sub-populations can be maintain in different non-

human hosts and niches. Discrete DR-Tb in low frequency populations could be expected in the absence of the drug due to 

the lack of an evolutionary pressure. However, and upon possible transmission to humans, low frequencies carrying DR 

mutations can rapidly become the most predominant variant upon start of treatment. The degree of transmissibility of these 

drug resistance minor variants remains to be assessed. However, the potential to become an alternative niche for 

emergence and persistence of drug resistance TB is worrisome. This is of key importance for TB control since these niches 

might potentially act as reservoirs for the emergence and persistence of DR, MDR or XDR-TB. 

A large set of novel mutations were identified in this work. Our analysis showed that mutations occurring in residue 

315 of the catalase-peroxidase enzyme are particularly important. Five of the substitutions detected here resulted in much 

larger amino acids in the access pore. The size of the pore is critical for drug access and binding; thus, is highly likely that 

most substitution will affect it since serine is a very small amino acid. We also identified a mutant carrying alanine instead. 

We hypothesized that this mutation does not confer DR due to the smaller size of alanine, which also produced a 

borderline deleterious PROVEAN index (Figure 2). All novel substitutions occurring in the RNA polymerase exhibited a 

possible DR phenotype (predicted). This suggest of high degree of structural restrictions where small modifications could 

significantly alter drug binding. On the other hand, substitutions in the DNA gyrase in residues A90 and S91 were size or 

hydropathy dependable, respectively. However, residue D94 showed a much higher degree of structural restrictions with 

minor modifications affecting drug binding and in consequence resulting in a DR phenotype. Similarly, the 30S ribosomal 

subunit also showed important restrictions that lead to a suspected deleterious phenotype in all amino acid substitutions 

found. The pyrazinamidase showed a high degree of genetic variability. However, several of these changes were neutral 

and did not have an effect on DR. Interestingly, most predicted DR substitutions were mapped to residues not directly 

involved with drug or co-factor binding. Interestingly, these modifications showed significant interaction among them and 

with other residues directly associated with co-factor binding (Figure 4). Whether these substitutions are the result of 

amino acid co-variation related to stabilizing the protein is unknown. The confirmation of these substitutions as bonafide 

DR mutation warrants further research. 

An important limitation in our study is the number of MTBC vars other than africanum and bovis. We analyzed all WGS 

available in the Sequence Read Database. There is a need for a larger number of sequences belonging to all other MTBC 

vars. It is challenging to derived solid conclusions about those other MTBC vars with the available data. However, with the 

decreasing cost of sequencing, this limitation will be overcome with the availability of more data and the proposed 

framework will allow to explore the evolution of MTBC vars in more detailed. 

In conclusion, our results highlight the importance of implementing robust molecular surveillance of MTBC minor vars. 

Frameworks aiming to identify discrete traits are critical for proper identification of drug resistance among different MTBC 

vars. Monitoring the emerging of DR strains recovered from non-human hosts among different niches is likely to shed light 

on the evolution of mycobacteria. This information is likely to provide information regarding maintenance of DR among 

different MTBC vars. Implementation of advanced characterization of mycobacteria isolates at adequate depth and analyzed 
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with sensitive tools for heteroresistance detection will aid in the understanding of the transmission dynamics exploited by 

members of the MTBC between animals and humans. 
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Table 1. MTBC minor vars isolates 

characteristics. 

Var Host Total 

number 

africanum H 1,232 

bovis H (134); NH (6,535) 6,669 

caprae H (1); NH (72) 73 

microti H (1); NH (13) 14 

canettii H 47 

pinnipedii NH 12 

mungis NH 1 

orygis H (10); NH (28) 38 

suricattae NH 4 

d. bacillus NH 4 

c. bacillus NH 1 

H, human host; NH, non-human host. 
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Highlights 

Intrahost genetic population diversity: Role in emergence and persistence of drug 

resistance among Mycobacterium tuberculosis complex minor variants 

Carlos Arturo Vázquez-Chacón, Felipe de Jesús Rodríguez-Gaxiola, Alejandro Sánchez-

Flores, Sarita Montaño, Ciresthel Bello-Rios, Salvador Fonseca-Coronado, Cruz Fernando 

López-Carrera, Armando Martínez-Guarneros, Ricardo Parra-Unda, Noemí García-
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● MTBC minor variants infecting non-human hosts harbor drug resistance mutations 

● Intrahost bacterial populations aid drug resistance mutation emergence and 

persistence 

● Insufficient sequence depth and inadequate algorithms contribute to neglect the 

existence of drug resistance mutations 
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