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SUMMARY The Mycobacterium tuberculosis genome is more heterogenous and less ge-
netically stable within the host than previously thought. Currently, only limited data ex-
ist on the within-host microevolution, diversity, and genetic stability of M. tuberculosis.
As a direct consequence, our ability to infer M. tuberculosis transmission chains and to
understand the full complexity of drug resistance profiles in individual patients is lim-
ited. Furthermore, apart from the acquisition of certain drug resistance-conferring muta-
tions, our knowledge on the function of genetic variants that emerge within a host and
their phenotypic impact remains scarce. We performed a systematic literature review of
whole-genome sequencing studies of serial and parallel isolates to summarize the
knowledge on genetic diversity and within-host microevolution of M. tuberculosis. We
identified genomic loci of within-host emerged variants found across multiple studies
and determined their functional relevance. We discuss important remaining knowledge
gaps and finally make suggestions on the way forward.

KEYWORDS Mycobacterium tuberculosis, drug resistance, evolution, whole-genome
sequencing, within-host

INTRODUCTION

For many decades, it was believed that Mycobacterium tuberculosis infections are
genetically homogenous and remain stable within the host during infection. With the
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advent of phage typing and the introduction of molecular genotyping methods in
tuberculosis (TB) research in the early 1990s, it became possible to differentiate strain
genotypes of M. tuberculosis infections (1–5). Molecular epidemiological studies
showed that heterogenous, complex infections within a single individual can arise due
to mixed infections with different strains of M. tuberculosis that are simultaneously or
sequentially acquired (6, 7) or due to heterogenous infections where spontaneous
mutations result in microevolution within the host (Fig. 1) (8–10). However, the classical
molecular genotyping methods—spoligotyping (11), IS6110 restriction fragment length
polymorphisms (RFLP) typing (12), and mycobacterial interspersed repetitive-unit–
variable-number tandem-repeat (MIRU-VNTR) typing (13, 14)—assessed this heteroge-
neity only by interrogating the number and distribution of repetitive elements in the M.
tuberculosis genome. The use of Sanger sequencing (15) to target genes involved in
drug resistance led to the discovery of heteroresistance (i.e., the simultaneous existence
of drug-resistant and drug-sensitive M. tuberculosis subclones in the same sample) (16),
but the detection of heterogeneity remained limited to that occurring in a small
fraction of the M. tuberculosis genome. With the introduction of whole-genome se-
quencing (WGS), it became possible to study the entire genome, allowing comprehen-
sive analyses of evolutionary relations.

One of the biggest technical challenges is that of distinguishing between mixed
infections with multiple similar strains and microevolution of strains resulting in minor
clonal variation. Use of WGS on serial isolates to establish the chronology of mutation
acquisition during an infection could help in distinguishing between these two types
of within-host M. tuberculosis diversity and improve our understanding of M. tubercu-
losis infection dynamics. Misinterpreting microevolution can hamper TB control efforts,
as transmission chains may be incorrectly determined and the driving forces of the TB
epidemic might be misunderstood. Furthermore, the failure to detect heteroresistance
impacts on the accuracy of phenotypic drug susceptibility testing and therefore also on
treatment success. To date, there are limited data on the clinical relevance of micro-
evolution within patients, especially pertaining to non-drug resistance-conferring mu-
tations.

The aim of this review is to critically appraise the insights gained through WGS of
serial and parallel (i.e., contemporarily collected) clinical M. tuberculosis isolates from
the same patient, to ascertain the technical limitations, and to identify the remaining
knowledge gaps about within-host microevolution in order to outline the way forward
in this rapidly evolving field in tuberculosis research.

METHODS
Database Search, Selection of Eligible Articles, and Data Extraction

On 7 August 2018, the electronic databases PubMed, Web of Science Core Collec-
tion, Scopus, MEDLINE, and CINAHL were comprehensively searched using the terms:
“tuberculosis,” “whole genome sequencing,” “within-host,” “serial,” and “parallel.” The
detailed search strategy and the number of hits for each database are listed in Table S1
in the supplemental material. After removal of duplicates, the remaining titles, ab-
stracts, and full manuscripts were independently screened by two authors. Publications
were eligible for inclusion if they contained whole-genome sequencing data from serial
or parallel M. tuberculosis isolates. Serial isolates were defined as clinical isolates from
the same patient collected at different time points during the same TB episode or from
initial and relapse episodes. Serial isolates from different infections (i.e., reinfection with
a different M. tuberculosis strain) were excluded, as within-host microevolution is
difficult to study in such isolates. Parallel isolates were defined as clinical isolates from
the same patient collected at a single time point, e.g., several sputum samples or
several samples collected from different anatomical sites in the body (e.g., sputum and
blood samples). Where the decisions to include or exclude a specific publication
differed between the two reviewers, the publication was discussed until a consensus
was reached. In a second step, the reference lists of the included publications where
screened for potentially missed articles. Non-English articles, reviews, opinion papers,
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FIG 1 Trajectory of within-host microevolution of M. tuberculosis. Four scenarios of microevolution of M.
tuberculosis within a host are presented as follows. (Scenario 1) M. tuberculosis cells present in different
lesions in the lung microevolve into distinct subpopulations through the acquisition of different single
nucleotide variants (SNVs) (green and red). The different lesions might contribute bacilli to the sputum
in different proportions, leading to the detection of different variants from distinct subpopulations.
(Scenario 2) M. tuberculosis strains evolve in the lung and are subsequently disseminated into different
organs, where they further evolve. Samples from different anatomical sites therefore harbor distinct M.
tuberculosis subpopulations. (Scenario 3) An infected host is superinfected with a different but very
similar M. tuberculosis strain, leading to the detection of different M. tuberculosis populations in
subsequent samples. As the different M. tuberculosis strains are phylogenetically very similar, it is difficult
to distinguish between within-host microevolution and exogenous reinfection with a new M. tuberculosis
strain. (Scenario 4) Drug pressure leads to the acquisition of drug resistance-conferring mutations (red).
(Scenario 4a) These mutations can lead to a loss of fitness which is subsequently restored through the
acquisition of compensatory mutations (yellow). (Scenario 4b) Additional mutations might emerge in
concert with the drug resistance-conferring mutations through genetic linkage to the latter (i.e.,
hitchhiking SNVs) (blue).
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abstracts, book chapters, studies focusing on mycobacteria other than M. tuberculosis
or Mycobacterium africanum, studies conducted in animals, and studies analyzing in
vitro isolates only (e.g., single colonies produced in culture) were excluded from this
review (Fig. 2).

Data extracted from each article included study topic, study site, study design, WGS
methods (sequencing platform, sequencing depth, minimum coverage), other molec-
ular methods used, analysis software and analysis parameters (reference strain, hetero-
frequency cutoff values, regions excluded from analysis, type of variants reported),
mutation rate, loci affected by microevolution (gene, gene function, single nucleotide
variant [SNV] position, amino acid change, frequency), genome stability and diversity,
and information about the serial isolates (e.g., type of isolate, number of isolates per
patient, lapse between times of collection of isolates, genotypic and phenotypic drug
resistance profiles, drug pressure, SNV distance between serial isolates, and M. tuber-
culosis strain genotype).

Comparison of Microevolved Loci between Studies

A list of the genes and intergenic regions (IGRs) in which variants either emerged de
novo or disappeared completely over time (i.e., the frequency of that variant was zero
in at least one isolate of the patient) was compiled. Studies not reporting all variants
detected or not providing sufficient information to assign an SNV to a specific patient
and variants present in all serial isolates of a patient (even if changing in frequency over
time) were excluded for this part of the analysis (Table S2). We then identified those
genes and IGRs reported in two or more studies, as these genes and IGRs could have
evolved convergently and might thus play a role in drug resistance, virulence, or
compensatory mechanisms in M. tuberculosis. Variants in genes and IGRs reported more
than twice were analyzed with the software Protein Variation Effect Analyzer

FIG 2 PRISMA flow chart. A PRISMA flow chart describing the process for the selection of publications
included in this review is presented. TB, tuberculosis; WGS, whole-genome sequencing.
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(PROVEAN) (17), and literature and the mycobrowser database (18) were consulted to
gain additional insight into their functionality and the protein’s mechanism of action.

RESULTS
Summary of Study Characteristics

The comprehensive search in five electronic databases resulted in 38 publications
fulfilling all inclusion criteria (Table 1). The 38 publications reported on studies from 28
countries in five continents and covered diverse topics such as within-host evolution of
drug resistance and compensatory mutations, M. tuberculosis genome stability and
selection pressure, transmission dynamics, relapse versus reinfection, and diversity and
heterogeneity of strains (Table 1). The sample sizes ranged from 2 to 9 serial and 2 to
140 parallel isolates collected from 1 to 178 patients, and the time between isolates
spanned a few hours to several years (see Data Set S1 in the supplemental material).
SNV distances ranged from 0 to 47 in studies that used a heterofrequency cutoff value
of �30% and from 0 to 16 in studies using a heterofrequency cutoff value of �70%.
Drug resistance profiles ranged from fully susceptible to extensively drug resistant
(XDR; i.e., resistance against the two most effective first-line drugs, isoniazid [INH] and
rifampin [RIF], plus resistance against one of the second-line-treatment fluoroquinolo-
nes and an injectable drug), with some isolates acquiring resistance during treatment.
The M. tuberculosis strains belonged to five of the seven global lineages (lineages 1, 2,
3, 4, and 5), with strains of lineage 2 and lineage 4 being most prevalent. Six studies did
not report the genotype of the analyzed M. tuberculosis strains.

Whole-Genome Sequencing Methods and Analysis Parameters

Most (24/38; 63%) studies complemented WGS data with (a combination of) spoli-
gotyping, MIRU-VNTR typing, RFLP typing, targeted Sanger sequencing, or line probe
assay data. WGS platforms, minimum required coverage levels, heterofrequency cutoff
values, and additional filtering varied substantially between studies (see Table S3 in the
supplemental material). Almost all studies (35/38; 89%) used the Illumina WGS platform,
including HiSeq (20/38), MiSeq (6/38), Solexa (1/38), Genome Analyzer (1/38), MiSeq
and HiSeq (3/38), HiSeq and Genome Analyzer (1/38), or an unspecified Illumina
platform (3/38). The remaining three studies used the Ion Torrent platform, SOLiD 3,
and SMRT (Single Molecule, Real-Time) sequencing of PacBio. Sequences were mostly
frequently aligned using the Burrows Wheeler Aligner (BWA) (19/38; 50%), and more
than half of the studies (21/38; 55%) used SAMtools for variant calling. The minimum
required coverage of a loci ranged from 2� to 50� (Table S3); 10 studies did not report
minimum coverage. The heterofrequency cutoff values applied ranged from no cutoff
being applied to a cutoff value of 100% (Table S3); 14 studies did not report their
heterofrequency cutoff. Most studies (82%) did not report on or systematically excluded
repetitive regions (e.g., PE/PPE gene family) and transposable elements from their
analysis.

Within-Host Evolution of Drug Resistance

All but one study (19) reported drug resistance levels, which ranged from fully
susceptible to XDR (Data Set S1). Studies reported stepwise acquisition of resistance to
INH and RIF (i.e., multidrug resistance [MDR]) over a period of 12 to 13 months (20, 21)
and increases of resistance from para-aminosalicylic acid (PAS) monoresistance to XDR
within 42 months (22) and from full susceptibility or MDR to XDR within 12 to
60 months (23, 24). Two other studies also reported drug resistance levels increasing
from susceptible to MDR and from MDR to XDR, respectively, but without indicating the
exact time lapse (25, 26). In the remaining 31 studies, no increase or a one-step increase
in drug resistance level was observed during treatment. In the studies reporting details
on the treatment regimen, drug resistance-conferring mutations were acquired during
(partially) ineffective treatment (i.e., �4 effective drugs or treatment noncompliance). In
a case study of a patient developing XDR-TB despite treatment compliance, retrospec-
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TABLE 1 Included articles

Article Date Publication

Geographical area(s) of
sample collection
(sample origin) Main topic(s)

1 January 2011 Saunders et al., Deep resequencing of serial sputum isolates of
Mycobacterium tuberculosis during therapeutic failure due to
poor compliance reveals stepwise mutation of key resistance
genes on an otherwise stable genetic background (20)

United Kingdom Drug resistance,
genome stability

2 July 2012 Comas et al., Whole-genome sequencing of rifampicin-resistant
Mycobacterium tuberculosis strains identifies compensatory
mutations in RNA polymerase genes (47)

Global (panels 1 � 2)
Georgia, Uzbekistan,
Kazakhstan (panel 3)

Compensatory mutations

3 November 2012 Walker et al., Whole-genome sequencing to delineate
Mycobacterium tuberculosis outbreaks: a retrospective
observational study (35)

United Kingdom Outbreak, transmission

4 December 2012 Sun et al., Dynamic population changes in Mycobacterium
tuberculosis during acquisition and fixation of drug
resistance in patients (29)

China Drug resistance and
diversity

5 August 2013 Farhat et al., Genomic analysis identifies targets of convergent
positive selection in drug-resistant Mycobacterium
tuberculosis (25)

Italy Drug resistance,
compensatory
mutations, selection
pressure

6 November 2013 Bryant et al., Whole-genome sequencing to establish relapse
or re-infection with Mycobacterium tuberculosis: a
retrospective observational study (36)

Malaysia, South Africa,
Thailand

Relapse versus
reinfection

7 December 2013 Clark et al., Elucidating emergence and transmission of
multidrug-resistant tuberculosis in treatment experienced
patients by whole genome sequencing (21)

Uganda Relapse versus
reinfection

8 December 2013 Merker et al., Whole genome sequencing reveals complex
evolution patterns of multidrug-resistant Mycobacterium
tuberculosis Beijing strains in patients (23)

Germany, Georgia,
Uzbekistan

Drug resistance

9 January 2014 Pérez-Lago et al., Whole genome sequencing analysis of
intrapatient microevolution in Mycobacterium tuberculosis:
potential impact on the inference of tuberculosis
transmission (40)

Spain Transmission

10 October 2014 Eldholm et al., Evolution of extensively drug-resistant
Mycobacterium tuberculosis from a susceptible ancestor in a
single patient (22)

Argentina Drug resistance

11 October 2014 Guerra-Assunção et al., Recurrence due to relapse or
reinfection with Mycobacterium tuberculosis: a whole-
genome sequencing approach in a large, population-based
cohort with a high HIV infection prevalence and active
follow-up (41)

Malawi Relapse versus
reinfection

12 February 2015 Witney et al., Clinical application of whole-genome sequencing
to inform treatment for multidrug-resistant tuberculosis
cases (51)

United Kingdom Drug resistance

13 March 2015 Guerra-Assunção et al., Large-scale whole genome sequencing
of M. tuberculosis provides insights into transmission in a
high prevalence area (37)

Malawi Transmission

14 October 2015 Black et al., Whole genome sequencing reveals genomic
heterogeneity and antibiotic purification in Mycobacterium
tuberculosis isolates (30)

South Africa Heterogeneity

15 October 2015 O’Neill et al., Diversity of Mycobacterium tuberculosis across
evolutionary scales (39)

Argentina, Germany,
Uzbekistan, Georgia,
China

Diversity

16 November 2015 Stinear et al., Genome sequence comparisons of serial
multidrug-resistant Mycobacterium tuberculosis isolates over
21 years of infection in a single patient (38)

Australia Drug resistance,
genome stability

17 November 2015 Pérez-Lago et al., Persistent infection by a Mycobacterium
tuberculosis strain that was theorized to have advantageous
properties, as it was responsible for a massive outbreak (28)

Spain Genome stability,
heterogeneity

18 November 2015 Bloemberg et al., Acquired resistance to bedaquiline and
delamanid in therapy for tuberculosis (27)

Switzerland (Tibet) Drug resistance

(Continued on next page)
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TABLE 1 (Continued)

Article Date Publication

Geographical area(s) of
sample collection
(sample origin) Main topic(s)

19 December 2015 Liu et al., Within patient microevolution of Mycobacterium
tuberculosis correlates with heterogeneous responses to
treatment (31)

China Heterogeneity,
compartmentalization

20 March 2016 Silva Feliciano et al., Evaluation of resistance acquisition during
tuberculosis treatment using whole genome sequencing
(90)

Brazil Drug resistance

21 June 2016 Korhonen et al., Whole genome analysis of Mycobacterium
tuberculosis isolates from recurrent episodes of tuberculosis,
Finland, 1995-2013 (42)

Finland Relapse versus
reinfection

22 August 2016 Faksri et al., Whole-genome sequencing analysis of serially
isolated multi-drug and extensively drug resistant
Mycobacterium tuberculosis from Thai patients (52)

Thailand Drug resistance,
persistence versus
reinfection

23 August 2016 Ssengooba et al., Whole genome sequencing reveals
mycobacterial microevolution among concurrent isolates
from sputum and blood in HIV infected TB patients (32)

Uganda Heterogeneity,
compartmentalization

24 August 2016 Zhang et al., Genomic analysis of the evolution of
fluoroquinolone resistance in Mycobacterium tuberculosis
prior to tuberculosis diagnosis (91)

Taiwan Drug resistance

25 October 2016 Casali et al., Whole genome sequence analysis of a large
isoniazid-resistant tuberculosis outbreak in London: a
retrospective observational study (43)

United Kingdom Transmission

26 November 2016 Lieberman et al., Genomic diversity in autopsy samples reveals
within-host dissemination of HIV-associated Mycobacterium
tuberculosis (33)

South Africa Heterogeneity,
compartmentalization

27 October 2016 Wollenberg et al., Whole genome sequencing of
Mycobacterium tuberculosis provides insight into the
evolution and genetic composition of drug-resistant
tuberculosis in Belarus (92)

Belarus Drug resistance

28 December 2016 Datta et al., Longitudinal whole genome analysis of pre and
post drug treatment Mycobacterium tuberculosis isolates
reveals progressive steps to drug resistance (53)

Costa Rica, Spain, USA Drug resistance

29 January 2017 Manson et al., Mycobacterium tuberculosis whole genome
sequences from southern India suggest novel resistance
mechanisms and the need for region-specific diagnostics
(46)

India Drug resistance

30 January 2017 Dheda et al., Outcomes, infectiousness, and transmission
dynamics of patients with extensively drug-resistant
tuberculosis and home-discharged patients with
programmatically incurable tuberculosis: a prospective
cohort study (93)

South Africa Transmission

31 March 2017 Witney et al., Use of whole-genome sequencing to distinguish
relapse from reinfection in a completed tuberculosis clinical
trial (44)

South Africa,
Zimbabwe, Botswana,
Zambia

Relapse versus
reinfection

32 April 2017 Trauner et al., The within-host population dynamics of
Mycobacterium tuberculosis vary with treatment efficacy (34)

China Drug resistance,
population dynamics

33 April 2017 Navarro et al., In-depth characterization and functional analysis
of clonal variants in a Mycobacterium tuberculosis strain
prone to microevolution (19)

Spain Direction of
microevolution
(heterogeneity)

34 July 2017 Nsofor et al., Transmission is a noticeable cause of resistance
among treated tuberculosis patients in Shanghai, China (26)

China Drug resistance

35 August 2017 Senghore et al., Whole-genome sequencing illuminates the
evolution and spread of multidrug-resistant tuberculosis in
Southwest Nigeria (94)

Nigeria Drug resistance

36 November 2017 Leung et al., Comparative genomic analysis of two clonally
related multidrug resistant Mycobacterium tuberculosis by
single molecule real time sequencing (48)

China Drug resistance,
growth fitness

37 January 2018 Herranz et al., Mycobacterium tuberculosis acquires limited
genetic diversity in prolonged infections, reactivations and
transmissions Involving multiple hosts (45)

Spain and Latvia Diversity

38 June 2018 Dheda et al., Drug penetration gradients associated with
acquired drug resistance in tuberculosis patients (24)

South Africa Drug resistance
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tive WGS analysis revealed the stepwise acquisition of resistance-conferring mutations,
including resistance to the new drugs bedaquiline and delamanid (27).

Diversity, Genome Stability, and Selection Pressure

Results on clonal variation and M. tuberculosis genome stability were conflicting. The
first WGS study of serial M. tuberculosis isolates found no SNVs other than drug
resistance-conferring mutations and concluded that M. tuberculosis genomes are highly
stable within the host, with drug pressure hindering the diversification of the strains in
loci other than the drug resistance-conferring ones (20). Similarly, another study
showed that the M. tuberculosis genome can be very stable, remaining fully susceptible
with no mutations emerging over 8 years, despite repeated treatment interruptions
and treatment noncompliance over several years (28). In contrast, several other studies
found higher levels of genetic divergence and M. tuberculosis was shown to have
undergone a highly dynamic process of continuous evolution and purifying selection
within a single host (22, 23, 27, 29–34). In one study, the SNVs between several
coexisting subclones were all related to drug resistance (drug resistance-conferring
mutations or fitness-restoring mutations) (23). In contrast, another study identified a
range of coselected mutations hitchhiking in the background of emerging resistance-
conferring mutations. In the latter study, the mutation rate was higher for drug
resistance-conferring loci (7.0 SNVs/genome/year) than for the rest of the genome
(1.1 SNVs/genome/year), demonstrating the increased selection pressure on drug
resistance-conferring loci (22). The mutation rates were found to differ not only
between different loci within the same M. tuberculosis strain but also between distinct
strains, ranging from 0.3 to 7.0 SNVs per genome per year (22, 35–38). Sun et al.
observed the appearance and disappearance of several clonal variants over time until
the clone with the lowest fitness cost and the highest resistance level was fixed in the
population (29). In two other studies, purifying selection was followed by rediversifi-
cation either with (30) or without (33) drug pressure. Trauner et al. also observed high
rates of genetic divergence and suggested that the stability of SNVs was not a function
of their abundance but of drug pressure (34). Another study however, found an
association between genetic diversification and disease severity but not with treatment
or drug resistance phenotype (39). In that study, most loci showing extreme patterns of
variation were found in drug resistance-conferring genes or in genes involved in
regulation, synthesis, and transport of cell envelope lipids, suggesting a role of these
genes in adaptation processes during infection and transmission (39). Other studies
found spatial heterogeneity, with subclones of the same ancestor developing differ-
ently in different lesions or different areas of a lesion (24, 31), and also found repeated
within-host dissemination of strains into different compartments (32, 33). Some of the
detected minority clones were confined to specific areas of an organ (24, 33) and were
unstable over time either with or without drug pressure (30, 36, 39).

SNV Distance between Serial Isolates To Infer Transmission and To Distinguish
between Relapse and Reinfection

WGS of serial isolates from a patient has also been used to establish transmission
chains and to distinguish relapses from exogenous reinfections (21, 35–37, 40–45). To
infer direct transmission, the SNV distance between isolates of a transmission chain is
determined. In the past, a maximum distance of �12 SNVs between any two strains was
suggested to indicate genetic linkage and direct transmission (35). More-recent find-
ings, however, have suggested that this threshold might not be valid in every setting
and that several factors such as time lapse between isolates, selection pressure, mixed
infections, or clonality of strains can impact on the number of SNVs emerging within a
host, changing the distance between isolates (22, 33, 40, 43, 45). Furthermore, several
studies found that the amount of within-host microevolution (i.e., SNV distance) can be
as high as or higher than that seen between hosts along a transmission chain or in an
outbreak (34, 37, 40, 43). Casali et al., for example, found that many strains along the
transmission chain within an outbreak did not show any SNV difference despite a high
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level of within-host diversity and that transmission rarely resulted in the fixation of
minor variants (43).

Five studies used WGS to distinguish relapse from exogenous reinfection (21, 36, 41,
42, 44). In those studies, relapse and reinfection could clearly be distinguished, with
SNV distances of �100 to �1,400 for reinfections compared to an SNV distance of �9
SNVs for relapse cases (21, 36, 41, 42, 44). Only two cases showed intermediate SNV
distances of 38 (42) and 57 (44) SNV differences, complicating the classification into
relapse or reinfection. Following intensified WGS analyses, the latter could be classified
as a relapse, as an initially unidentified minority subclone could be detected in the first
isolate (44).

Emerging Variants and Their Function

Several studies investigated the function of specific emerging variants and found
associations with drug resistance, compensatory mechanisms, virulence, or relapse and
survival (Table 2). For example, variants in the fadD, fadE or pks gene families involved
in cell wall biosynthesis pathways were repeatedly observed to evolve within the host
(19, 22, 24, 29, 30, 32–34, 39, 42, 44, 46) and could play a role in fitness compensation
or drug resistance (29, 39, 46). Emerging mutations in the bacA (Rv1819c) and Rv2326c
genes, which code for putative ABC transporters, could be involved in resistance
against aminoglycosides through the prolonged survival and reduced metabolic activ-
ity of M. tuberculosis (38). Investigating compensatory mechanisms, mutations in genes
rpoA and rpoC were shown to appear only after the acquisition of a RIF resistance-
conferring mutation in the rpoB gene (47). Another study showed that mutations in the
genes Rv0888, Rv2071, and Rv3303c emerged in a highly resistant M. tuberculosis strain
during treatment, potentially compensating for an initial decreased fitness of the
bacteria (48).

Comparison of Microevolved Loci between Studies

In the 22 studies presenting relevant and sufficient data (see Table S2 for the reasons
for exclusion of 16 studies), we identified 1,101 different genes and IGRs in which
variants either emerged de novo or disappeared over time in a patient (serial isolates)
or existed in different anatomical sites of a patient (parallel isolates) (Data Set S2). Most
(914; 83%) were reported from only a single study, 156 (14.2%) were reported from two

TABLE 2 Suggested functions of identified SNVs and their respective genes

Suggested mechanism of action Gene
SNV (amino acid
change at codon)

Study suggesting
mechanism of action

Potential new drug resistance markers ettA (Rv2477c) W135G Faksri et al. (52)
katG (Rv1908c) L101R Datta et al. (53)
katG (Rv1908c) A290P Manson et al. (46)
katG (Rv1908c) L427P Manson et al. (46)
fadE24 (Rv3139) R454S Manson et al. (46)
fabD (Rv2243) A159T Manson et al. (46)

Associated with relapse and survival eccB3 (Rv0283) Witney et al. (44)
mce1B (Rv0170) Witney et al. (44)
bacA (Rv1819c) Frame shift (insG) Stinear et al. (38)
Rv2326c Frame shift (insC) Stinear et al. (38)

Potentially involved in compensatory mechanisms rpoC (Rv0668) Several Comas et al. (47), Wollenberg et al. (92)
rpoA (Rv3457c) Several Comas et al. (47), Wollenberg et al. (92)
Rv0888 360delG Leung et al. (48)
cobM (Rv2071) 199_204del Leung et al. (48)
lpdA (Rv3303c) V44I Leung et al. (48)
fadD32 (Rv3801c) E444G Sun et al. (29)
fadE33 (Rv3564) O’Neill et al. (39)
lprO (Rv0179c) O’Neill et al. (39)

Associated with virulence mce3R (Rv1963c) Navarro et al. (19)
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studies, 21 (1.9%) from three studies, and 10 (0.9%) from 4 to 7 studies. The genes or
IGRs identified in more than two studies included known compensatory and drug
resistance-associated genes or IGRs (49, 50) such as rrs (MTB000019), rrl (MTB000020),
gyrA (Rv0006), mshA (Rv0486), rpoB (Rv0667), rpoC (Rv0668), inhA promoter region
(Rv1482c to Rv1484), fabG1/mabA (Rv1483), katG (Rv1908c), pncA (Rv2043c), ahpC
(Rv2428), and embB (Rv3795) and 19 additional genes, many of which are associated
with M. tuberculosis growth and the biosynthesis of cell wall lipids such as oxcA
(Rv0118c) (29, 33, 34), PE_PGRS3 (Rv0278c) (24, 25, 33), Rv0457c (29, 34, 45), Rv0565c (23,
24, 29), Rv0726c (33, 34, 36), PE_PGRS9 (Rv0746) (24, 25, 51), prpR (Rv1129c) (33, 34, 36),
pks4 (Rv1181) (32–34, 44), pks5 (Rv1527c) (19, 33, 34), fadD15 (Rv2187) (29, 33, 34), ettA
(Rv2477) (42, 52, 53), Rv2024c (25, 29, 33), ppsA (Rv2931) (25, 33, 34), ppsE (Rv2935) (29,
30, 34, 47), recG (Rv2973c) (22, 34, 47), lpdA (Rv3303c) (34, 36, 48), glpK (Rv3696) (22, 30,
34, 42, 47, 52), espK (Rv3879c) (29, 33, 53), and mviN (Rv3910) (29, 33, 34, 42) (Table S4;
see also Data Set S2). Mutations in those 19 non-drug resistance-associated genes were
found in lineage 2 and lineage 4 strains and across different drug resistance levels. Most
variants in these genes were detected in patients from whom only two serial or parallel
isolates were available, thus preventing analysis of the fate of these mutations. A
frequency increase across more than two serial isolates—patterns potentially resulting
from within-host positive selection—was found only for a synonymous mutation in
lpdA (34).

The potential functions of the identified genes differed. The lpdA and ettA genes
may play a role in drug resistance. The missense mutation V44I in lpdA may destabilize
the NAD(P)H quinone reductase LpdA (according to the DUET server but not the
PROVEAN database) (18, 48). This destabilization would change the redox milieu,
potentially interfering with the metabolization of the INH prodrug into its active form
by the catalase-peroxidase KatG and resulting in an elevation of the INH MIC of the
strain (48, 54). Trauner et al. detected two different lpdA variants present across several
isolates from a patient infected with an XDR M. tuberculosis strain, only one of which
emerged de novo. That variant remained at a very low frequency in all isolates and was
accompanied by a lpdA promoter mutation with a frequency of 93% (34). Faksri et al.
identified an emerging mutation in ettA (Rv2477c) that could represent a new marker
for amikacin (AMI) and kanamycin (KAN) resistance (52) due to the encoded protein’s
drug efflux pump activity and the involvement in macrolide antibiotics transport across
membranes (18, 55–57). Two other studies observed that ettA mutations emerged in an
INH-monoresistant strain (53) and in an INH-and-streptomycin-resistant strain (42), one
of which appeared simultaneously with an INH resistance-conferring katG mutation
(53).

Variants in the three genes ppsE, recG, and glpK appeared either to be nonbeneficial
for the strain or to have evolved as a consequence of in vitro subculturing processing
of the isolates rather than through within-host selection. Six studies identified variants
in glpK (Rv3696), all observing the variants in one of the patient’s serial isolates only (22,
30, 34, 42, 47, 52) (Table S4). In addition, three contemporary isolates from the same
patient carried several different unstable glpK mutations with heterofrequencies of
�30%, removed from the population through purifying selection (34). The glycerol
kinase GlpK is involved in glycerol metabolism and is associated with ESX-1 secretion
(18, 58, 59). Bacteria without functioning GlpK cannot metabolize glycerol, which is not
relevant during infection but is required in vitro with glycerol as a carbon source (58).
PpsE is involved in the biosynthesis of phthiocerol dimycocerosate (PDIM), a virulence
lipid on the outer cell membrane of M. tuberculosis, involved in phagocytosis and the
prevention of phagosomal acidification (18, 60–62). Mutations in ppsE have been
suggested to affect cell wall lipid synthesis and the strain’s mechanism to escape the
host’s immune response. In vitro-passaged M. tuberculosis strain H37Rv was observed to
become PDIM negative over time; in vivo, however, PDIM-negative M. tuberculosis
strains are attenuated (63). The ATP-dependent DNA helicase RecG is induced in
response to DNA-damaging agents (64) and plays a role in recombination and DNA
repair (18, 64). M. tuberculosis strains carrying recG mutations may show erroneous
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replication and an increased mutation rate which can increase the chance of acquiring
advantageous (e.g., drug resistance-conferring) or disadvantageous mutations.

The PE/PPE and PE-PGRS genes have been excluded in many of the studies; two
members of the PE-PGRS gene family (PE-PGRS3 and PE-PGRS9) have nevertheless been
detected in more than two studies (24, 25, 33, 51). PE-PGRS9 was found to be
significantly induced in M. tuberculosis persisters in host cells and tissues (65). Farhat et
al. detected four different variants in PE-PGRS9 appearing and disappearing over time
(25), while the variant T320A emerged over the time of 9 months in another study (51).
PE-PGRS3 has been found to be specifically expressed at low phosphate concentrations,
and its unique, arginine-rich C-terminal domain was suggested to enhance adhesion
and to be involved in tuberculosis pathogenesis (66).

Variants in the remaining 12 genes (oxcA, Rv0457c, Rv0565c, Rv0726c, prpR, pks4,
pks5, Rv2024c, fadD15, ppsA, espK, and mviN) were detected in both serial and parallel
isolates. The variants detected in parallel isolates were present in only few (�20%)
isolates of a particular patient, with the exception of variants in the gene fadD15
(54/105; 51%). These variants showed highly variable frequencies ranging from 1% to
100%. In serial isolates, only variants in the genes ppsA, prpR, and Rv0565c were present
in more than one isolate of a particular patient but these variants were transient and
lost over time (23, 25, 34). PpsA, encoding a polyketide synthase, belongs to the same
operon as ppsE and is also involved in the biosynthesis of PDIM (18, 67). PrpR is involved
in fatty acid catabolism and replication initiation (68). Rv0565c is a putative monoox-
ygenase. The R59H variant was suggested to be associated with prothionamide resis-
tance due to their concurrent emergence (23). Sun et al. observed the emergence of the
Rv0565c variant Y245C in an already ethionamide-resistant isolate (29), and the loss of
Rv0565c did not lead to ethionamide resistance in an in vitro investigation (69). The
genes pks4, pks5, and fadD15 are involved in the biosynthesis of fatty acids (pks4, pks5)
and in their activation as acyl-coenzyme A (fadD15) (18). Mutations in genes of these
gene families have been associated with compensatory mechanisms (Table 2) or INH
resistance (pks5), based on the absence of such mutations in susceptible strains and
association studies (70). mviN encodes a probable conserved transmembrane protein
which has been found to be essential for in vitro growth (18). Variants in this gene
detected in serial isolates are unstable and therefore appear not to be beneficial for the
bacteria. The espK gene encodes a protein which has been associated with virulence
(71), oxcA is involved in the catabolism of oxalic acid, Rv0726c encodes a possible
S-adenosylmethionine-dependent methyltransferase, and the functions of Rv0457c and
Rv2024c are still unknown (18).

DISCUSSION

WGS studies of serial and parallel M. tuberculosis isolates demonstrated that M.
tuberculosis infections and their dynamics are much more intricate than previously
thought. Various degrees of within-host microevolution and diversity were detected
across studies, with some demonstrating the simultaneous presence of several tran-
sient subpopulations within the same host, whereas others found very stable M.
tuberculosis genomes with no or only few emerging genomic changes over prolonged
periods of treatment. The level of within-host microevolution can be as high as or
higher than what is observed along transmission chains or in an outbreak. Drug
resistance occurred stepwise in the presence of ineffective (�4 effective drugs) treat-
ment. Most genes affected by emerging genetic changes were observed to carry
variants in only a single study. The majority of genes repeatedly found to microevolve
within the host across studies were either associated with drug resistance or involved
in lipid synthesis, transport, or regulation, indicating a potential role in drug resistance
mechanisms, virulence, and compensatory mechanisms.

Factors Influencing Variant Detection

Discrepancies in findings between studies can, at least in part, be explained by
differences in factors influencing variant detection (Fig. 3). The number of and lapse
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between times of collection of serial isolates per patient within and between studies
varied considerably (see Data Set S1 in the supplemental material) due to differences
in the type and timing of sample collection, access to health care and treatment-
seeking behavior of patients, treatment effectiveness, bacterial load, disease phenotype
(e.g., degree of cavitation or pulmonary versus extrapulmonary TB), and time to culture

FIG 3 Network of the various factors influencing the emergence and detection of variants. Several different factors influence the
emergence of variants and their detection. (A) Bacterial factors (gray), patient aspects (yellow), sample characteristics (green), program-
matic aspects (red), and clinical factors (purple) influencing variant detection and emergence. (B) Technical factors (dark blue) and
analytical factors (light blue) influencing variant detection.
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conversion. A single sputum sample does not represent the whole diversity of an M.
tuberculosis infection (31, 72), and culturing can lead to additional reductions of
diversity (73, 74). Unstable minority clones detected only in a particular area of the
lung—as observed by Lieberman et al.—would be missed, depending on the sampling
time point, as would be subclones or distinct M. tuberculosis strains present only
outside the lung (31, 33). If the lapse between the times of collection of two isolates is
too long, the stepwise acquisition of mutations might be missed, not allowing the
determination of the chronology and dynamics of events. If the lapse between the
times of collection of two isolates is short, the observed diversity may reflect concur-
rently existing subclones rather than newly emerged mutations. If multiple samples are
taken at the same time, different lesions may be sampled to different degrees.
Differences in M. tuberculosis lineage could also influence differences between studies,
as mutation rates have been shown to differ between M. tuberculosis lineages, with
lineage 2 strains of the Beijing genotype having a higher mutation rate than lineage 4
strains (75). However, both stable and highly variable strains were detected in both
lineages, leaving the observed differences unexplained.

Differences in technical and analytical WGS approaches could further influence the
differences in variant detection between studies. Sequencing depths and heterofre-
quency cutoff values differed between studies, but differences in the genomic stability
of M. tuberculosis were observed even between studies with low heterofrequency cutoff
values and deep sequencing (22, 28–30). The use of high heterofrequency cutoff values
may result in missed low-frequency variants, while low heterofrequency cutoff values
bear the risk of culture-induced variants or PCR and sequencing errors falsely being
taken as representative of real variants. To reduce the risk of erroneous variant
detection, Black et al. suggested a high confidence cutoff value of 30% for low-
frequency variants based on a combined approach of WGS with an average sequencing
depth of 137�, targeted Sanger sequencing, and statistical analysis (30). Increasing the
sequencing depth would lead to more reads supporting a minor variant, decreasing the
risk of detecting false positives and therefore allowing reduction of the heterofre-
quency cutoff value below the suggested threshold (76). Other strategies that can be
used to confirm the validity of detected variants include Sanger sequencing and using
more than one variant caller (i.e., inclusion of concurrently called variants only) (23, 29,
30). However, the former has been shown to be of limited utility for the detection of
variants with a frequency below 30% (30, 77).

Lack of Standardized Reporting of WGS Results

The comparison of findings across studies and our ability to draw conclusions
about common concepts of within-host microevolution and its impact on disease
dynamics was also limited by the lack of standardized reporting of WGS analyses of
serial isolates. Different filtering parameters, mappers, and variant callers with
distinct mathematical algorithms were used across research groups, leading to
differences in variant detection and interpretation of results. Furthermore, not all
the studies included heterozygous loci, and many did not report the heterofre-
quency cutoff value, sequencing depth, accession number of the reference used, or
all the SNVs (see Table S3 in the supplemental material). Synonymous SNVs were
rarely reported, as these are considered to represent background mutations only.
They can, however, affect cellular processes such as translation efficiency and
internal promoters (78, 79). Hence, to improve our understanding of the role of
synonymous SNVs in within-host microevolution, their detection should be re-
ported. Furthermore, different databases of M. tuberculosis drug resistance markers
exist and WGS analysis pipelines use different markers to determine the genetic
drug susceptibility profile of an M. tuberculosis strain, leading to inconsistencies in
the reporting of associations between SNVs and drug resistance. The use of a
standardized pipeline, e.g., the pipeline developed by the Relational Sequencing TB
Data Platform (80), as a reference to which alternative pipelines (developed spe-
cifically for studies investigating within-host microevolution) can be compared, the
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development of guidelines to report WGS results (similar to STROBE or CONSORT
developed for reporting of observational or clinical trial studies), and an interna-
tionally standardized and curated list of (statistically) validated variants and their
function would make findings more comparable.

Knowledge Gaps

While the WGS studies of serial and parallel isolates have explored several important
topics and have contributed to an improved understanding of within-host microevo-
lution of M. tuberculosis, many knowledge gaps remain (Table 3).

Drivers of within-host microevolution and diversity. Genetic drift and purifying
selection have both been described as potential drivers of within-host microevolution
and genetic diversity of M. tuberculosis, but our understanding of the drivers remains
limited. Trauner et al. observed that sufficient drug pressure led to purifying selection
of low-frequency variants and suggested that the stability of SNVs was not a function
of their abundance (34). The latter is in conflict with the finding that the evolutionary
fate of low-frequency variants was linked to allele frequency at the time of infection
with M. tuberculosis in mice and Mycobacterium bovis BCG in humans (81). M. tubercu-
losis diversification was also shown to be correlated with disease severity (rather than
drug pressure) (39) or with compartmentalization, with the degree of cavitation being
an expression of disease severity (31). Future studies should investigate the role of
bacterial load and host factors which, apart from HIV coinfection and treatment
compliance, have not yet been addressed.

Repetitive areas and their role in adaptive evolution. There is a general lack of
information about the role of repetitive areas (e.g., PE/PPE genes or insertion se-
quences) and large indels in adaptive evolution and diversification, as these were
excluded from most studies given that they are difficult to map and cannot be
distinguished from sequencing errors when using Illumina platforms. The SMRT se-
quencing technology produces long reads that can span these repetitive areas. It uses
de novo assembly which allows the detection of rearrangements and copy number
variations and the determination of allelic combinations but is prone to high error rates
(48, 82, 83). Future studies should explore these repetitive areas, possibly using a
combination of short-read and long-read sequencing to avoid the trade-off between
loss of information and increased error rate.

Physiological role and phenotypic impact of microevolved variants. Apart from
the known drug resistance-conferring mutations, the role and the impact of within-host
emerging variants are not yet well understood. First, variants in genes associated with
lipid synthesis, transport, or regulation have repeatedly been observed to evolve within
the host (22, 29, 30, 34, 39, 42, 46, 52), suggesting that they may be targets of positive
selection. Their role in adaptive evolution of M. tuberculosis should be further investi-
gated. Second, the hypothesis of a potential role of emerging variants in the genes lpdA
and ettA in drug resistance and compensation for loss of fitness was mainly based on
the chronology of events and mostly not confirmed by MIC measurements for specific
clones, fitness assays, or point mutagenesis experiments. Their role in resistance
mechanisms and way of action should therefore be analyzed further.

Third, within-host emerging mutations have also been shown to hitchhike in the
background of positively selected variants (22) or could represent culture artefacts (63).
Our findings support this notion, as ppsE, recG, and glpK mutations were never found
in more than one isolate of a patient— even in studies with more than two serial
isolates—suggesting that these mutations may not be positively selected but may
emerge as a result of subculturing of clinical isolates. WGS directly from sputum
samples may avoid culture-induced artifacts, but few studies have succeeded in doing
so (73, 84). More effort should be applied to improving the workflow from sample
collection to sequencing results to obtain results representing the original state of the
bacteria at the time of sample collection. Apart from circumventing the creation of
false-positive variants, time to diagnosis would significantly be reduced (84).
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TABLE 3 Identified knowledge gaps and recommendations for the way forward

Limitations and knowledge gaps Recommendations

Reporting of methods and results is often incomplete and not
uniform across studies, and no standardized guidelines on
reporting WGS results on serial and parallel isolates exist.
This makes results irreproducible and difficult to compare,
therefore not allowing to draw conclusions valid across
studies.

Reporting of methods and results needs to be consistent. We
recommend a minimum set of parameters to be reported by each
study analyzing WGS of serial/parallel M. tuberculosis isolates.

Technical parameters to be reported:
● Culture process and library preparation (error risk assessment)
● Sequencing platform used
● Read length, coverage (whole genome), read depth
● Paired or single reads
● Mapping, annotation, and variant calling software used
● Minimum coverage for minor variant and heterofrequency cutoff
● Loci excluded from analysis
● Additional filtering applied
● Reference genome, including accession number

Reporting of results should include:
● Number, type, and location of SNVs between serial/parallel isolates
● Heterofrequency of each SNV
● All types of SNVs detected, including synonymous SNVs
● Lapse between isolates
● SNVs should clearly be assigned to the respective isolate and patient

WGS data analysis pipelines are not standardized and vary
across studies, impacting on variant detection (95). While a
standardized analysis pipeline might be beneficial for
patient management and phylogenetic analyses,
investigations on within-host microevolution require less-
stringent filtering and in-depth analyses of raw data.

A standardized pipeline designed for patient management could be used
as a reference to which results from individual analysis pipelines could
be compared. For individual pipelines, filtering should be kept at a
minimum to allow the detection of low-frequency variants and to
determine underlying evolutionary dynamics. Deep (�1,000�)
sequencing would further increase the detection of low-frequency
variants. Results gained through this approach would provide valuable
information to further develop and update the standardized pipeline
for diagnostic purposes and patient management.

Our understanding of the physiological role and the
phenotypic impact of within-host emerging variants is still
limited, and our knowledge of drug resistance markers and
phylogenetic markers is still incomplete. No internationally
standardized list of markers is used to determine a
comprehensive genotypic drug resistance profile of a strain.
This potentially leads to false associations of SNVs with
drug resistance or fitness compensation.

More laboratory-based experiments such as point mutagenesis and
fitness assays are required to validate and confirm in silico-generated
results and to determine the association between phenotype and
genotype. Drug MICs of serial isolates should be measured and
reported to determine a potential impact of an SNV on the level of
drug resistance. To limit false associations of within-host emerging
SNVs and drug resistance, a curated database containing a
standardized list of validated variants should be developed, based on
internationally acquired information from clinical M. tuberculosis
isolates.

In vitro manipulation of clinical M. tuberculosis isolates can lead
to the acquisition of variants that do not reflect within-host
evolution. This can lead to an overestimation of within-host
evolution and might complicate the analysis of potential new
drug resistance markers or compensatory mutations.

Sequencing directly from sputum should be explored more widely to
avoid culture-induced mutations. Eliminating the necessity to culture
M. tuberculosis isolates prior to sequencing would furthermore
decrease the time to results, an invaluable advantage in considering
WGS in diagnostics in the future.

Only a few compensatory mechanisms are currently known. In
particular, mechanisms compensating for loss of fitness in
highly resistant M. tuberculosis strains are lacking. Studies
analyzing serial isolates with increasing drug resistance
across several resistance levels are limited, making it
difficult to analyze the chronology of events during within-
host emerging drug resistance.

Larger studies with serial isolates of different M. tuberculosis lineages and
with increasing resistance across several levels are required to identify
additional compensatory mechanisms. More-complex structural
variants or epigenetic factors might be involved and should therefore
be analyzed in the future.

Several factors such as drug pressure and disease severity
have been suggested to drive M. tuberculosis within-host
microevolution and diversity, but the contribution of each
of these factors in different circumstances remains to be
determined.

More data from longitudinal comparative WGS studies with serial M.
tuberculosis isolates are required to study the impact of different
(combinations of) bacterial, host, and clinical factors on within-host
microevolution and diversity.

(Continued on next page)
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Finally, the role of variants in multiple parallel isolates of a patient, i.e., in spatial
heterogeneity, also requires further investigation. Such variants were detected in only
a small proportion of sampled anatomical sites of a patient, in some at a very low
frequency, in others fixed in the M. tuberculosis population. Specific variants might be
beneficial in some anatomical sites but not in others and may impact the transmission
of these variants, as M. tuberculosis strains located in extrapulmonary sites are not
transmitted.

Compensatory mutations associated with drug resistance. While there are likely
many compensatory mechanisms, maybe as many as there are drug resistance-
conferring mutations, our understanding of compensatory mutations in M. tuberculosis
remains limited to the rpoC/rpoA and ahpC promoter mutations (47, 85, 86). As MDR-TB
and XDR-TB are mainly transmitted rather than acquired (26, 87, 88), large data sets
from MDR strains evolving to pre-XDR and XDR within a patient are difficult to obtain.
Yet studies of serial isolates would provide stronger evidence of causality than mere
association studies, as the chronology of events can be studied, and compensatory
mutations can be distinguished from hitchhiking ones. Large studies of (serial) isolates
of patients infected with highly resistant M. tuberculosis strains of different lineages will
be required to unravel the compensatory mechanisms in M. tuberculosis.

Impact of within-host microevolution on transmission. Within-host microevolu-
tion influences SNV distance between isolates, therefore complicating the interpreta-
tion of transmission directions and our ability to distinguish between relapse and
reinfection. The latter may not always be possible, especially in high-burden countries
with a clonal M. tuberculosis population structure, as despite a small SNV distance
between two isolates, the possibility of reinfection with a very similar strain cannot be
ruled out (89). Therefore, the SNV distance value used to infer genetic linkage might
need to be context specific. Mixed infections with very similar strains—simultaneously
or subsequently acquired— could also be a reason for intermediate SNV distances (�12
and �400 SNVs [35]) observed between serial isolates. Currently, the detected SNVs
and evolving subclones cannot be assigned to a specific M. tuberculosis strain, and
therefore the chronology and type of events cannot be established. This may poten-
tially lead to misinterpretation of transmission chains or drug resistance profiles.

The impact of M. tuberculosis within-host microevolution in the context of trans-
mission is generally not yet well understood. Within-host emerging SNVs might also
play an important role in transmission dynamics, influencing the success of a strain. It
remains largely unknown which factors make a strain transmissible, to what extent
minor variants are transmitted, and whether transmissions follow a specific pattern

TABLE 3 (Continued)

Limitations and knowledge gaps Recommendations

Exclusion of repetitive regions and large indels is common in
Illumina WGS studies and leads to loss of information on
about 20% of the genome. Therefore, the role of SNVs in
repetitive areas in within-host microevolution and diversity
is not known.

More data on regions difficult to map are required. Local reassembly
approaches and long-read SMRT sequencing could be applied to
include these genomic areas in the analyses and to gain more
insights into the role of these genomic areas in microevolution.
Combining SMRT and Illumina sequencing could reduce both error
rates and loss of information. Using de novo reassembly instead of
mapping to a reference genome would furthermore allow detection
of SNVs and structural elements present in clinical M. tuberculosis
strains but not in the reference used.

The impact of within-host evolution on transmission and M.
tuberculosis strain relatedness is still not fully understood.
Details about non-drug resistance-conferring SNVs
emerging within the host are rarely reported in
transmission studies or from analyses of recurrent episodes.
Such SNVs might, however, influence the success of a strain
(i.e., transmission and persistence in a patient) and change
the SNV distance between strains, influencing our
understanding of relatedness.

Within-host microevolution and the concurrent diversity of M.
tuberculosis need to be considered in transmission and outbreak
investigations. The type and location of detected SNVs should be
analyzed and reported. Deep sequencing would allow investigation
of whether and which low-frequency variants are transmitted and in
addition would improve our ability to infer relatedness of two
strains more accurately (i.e., to distinguish between relapse and
reinfection).
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(e.g., concerning M. tuberculosis strain genotype, frequency at time of infection, disease
progression, etc.). To date, within-host microevolving SNVs have been used to distin-
guish between reinfection and relapse or between acquired and transmitted drug
resistance or, numerically, to calculate the SNV distance and mutation rates in trans-
mission studies, but their type, location, function, and frequency pattern are not
systematically investigated. These knowledge gaps could be addressed by deep se-
quencing (�1,000�) of serial isolates of patients within a transmission cluster and
comparing the identified variants, including low-frequency variants.

CONCLUSIONS

WGS studies of serial and parallel clinical M. tuberculosis isolates have demonstrated
a wide range in diversity and stability of the M. tuberculosis genome within a single
patient, but the mechanisms leading to this diversity and the function (other than drug
resistance) of these emerging mutations remain poorly understood. Knowledge on the
simultaneous presence and evolution of multiple M. tuberculosis subclones within a
host and their clonal inference is, however, important as it can lead to heteroresistance
and thus impact on patient management and surveillance and complicate public health
efforts that rely on inferring transmission chains. In addition, it can interfere with the
ability of clinical trials to determine the efficacy of new regimens, as such inferences
require accurate distinction between treatment failure (relapse) and reinfection (trans-
mission).

To improve our insights into the role of mutations in the successful adaptation of M.
tuberculosis to the changing environment within a host, future studies should investi-
gate the drivers of within-host genomic diversity; the role and function of emerging
SNVs, including those in repetitive elements; the associations between different mu-
tations; and their impact on phenotype, disease progression, diagnostics (e.g., MICs),
and transmission. To enable comparisons between studies, technical approaches, WGS
analyses, and reporting of serial and parallel M. tuberculosis isolates should be better
standardized.
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