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tuberculosis complex variation: a retrospective genomic
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Summary
Background Mycobacterium tuberculosis complex (MTBC) species evolve slowly, so isolates from individuals linked in
transmission often have identical or nearly identical genomes, making it difficult to reconstruct transmission chains.
Finding additional sources of shared MTBC variation could help overcome this problem. Previous studies have
reported MTBC diversity within infected individuals; however, whether within-host variation improves transmission
inferences remains unclear. Here, we aimed to quantify within-host MTBC variation and assess whether such
information improves transmission inferences.

Methods We conducted a retrospective genomic epidemiology study in which we reanalysed publicly available
sequence data from household transmission studies published in PubMed from database inception until Jan 31, 2024,
for which both genomic and epidemiological contact data were available, using household membership as a proxy for
transmission linkage. We quantified minority variants (ie, positions with two or more alleles each supported by at least
five-fold coverage and with a minor allele frequency of 1% or more) outside of PE and PPE genes, within individual
samples and shared across samples. We used receiver operator characteristic (ROC) curves to compare the
performance of a general linear model for household membership that included shared minority variants and one
that included only fixed genetic differences.

FindingsWe identified three MTBC household transmission studies with publicly available whole-genome sequencing
data and epidemiological linkages: a household transmission study in Vitória, Brazil (Colangeli et al), a retrospective
population-based study of paediatric tuberculosis in British Columbia, Canada (Guthrie et al), and a retrospective
population-based study in Oxfordshire, England (Walker et al). We found moderate levels of minority variation
present in MTBC sequence data from cultured isolates that varied significantly across studies: mean
168⋅6 minority variants (95% CI 151⋅4–185⋅9) for the Colangeli et al dataset, 5⋅8 (1⋅5–10⋅2) for Guthrie et al
(p<0⋅0001, Wilcoxon rank sum test, vs Colangeli et al), and 7⋅1 (2⋅4–11⋅9) for Walker et al (p<0⋅0001, Wilcoxon
rank sum test, vs Colangeli et al). Isolates from household pairs shared more minority variants than did randomly
selected pairs of isolates: mean 97⋅7 shared minority variants (79⋅1–116⋅3) versus 9⋅8 (8⋅6–11⋅0) in Colangeli et al,
0⋅8 (0⋅1–1⋅5) versus 0⋅2 (0⋅1–0⋅2) in Guthrie et al, and 0⋅7 (0⋅1–1⋅3) versus 0⋅2 (0⋅2–0⋅2) in Walker et al
(all p<0⋅0001, Wilcoxon rank sum test). Shared within-host variation was significantly associated with household
membership (odds ratio 1⋅51 [95% CI 1⋅30–1⋅71], p<0⋅0001), for one standard deviation increase in shared minority
variants. Models that included shared within-host variation versus models without within-host variation improved the
accuracy of predicting household membership in all three studies: area under the ROC curve 0⋅95 versus 0⋅92 for
the Colangeli et al study, 0⋅99 versus 0⋅95 for the Guthrie et al study, and 0⋅93 versus 0⋅91 for the Walker et al study.

Interpretation Within-host MTBC variation persists through culture of sputum and could enhance the resolution of
transmission inferences. The substantial differences in minority variation recovered across studies highlight the need
to optimise approaches to recover and incorporate within-host variation into automated phylogenetic and transmission
inference.

Funding National Institutes of Health.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction
Reducing the global burden of tuberculosis urgently
requires reducing the number of incident Mycobacterium
tuberculosis complex (MTBC) infections. Yet the long and
variable latency period of these infections makes it
challenging to identify sources of transmission and thus
www.thelancet.com/microbe Vol ▪ ▪ 2024
intervene. Genomic epidemiology approaches have been
powerfully applied to characteriseMTBC global phylogenetic
structure, migration and gene flow, patterns of antibiotic
resistance, and transmission linkages.1 Yet transmission
inference approacheshaveoften failed to identify themajority
of transmission linkages in high-incidence settings.2,3
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Research in context

Evidence before this study
We searched PubMed for articles published in English from
database inception to Jan 31, 2024, using the terms
“Mycobacterium tuberculosis”, “within-host variation” or “minority
variation”, and “transmission”. We found three reviews of
transmission inference and the evolutionary biology and
population genomics ofMycobacterium tuberculosis. One genomic
epidemiology study described minority variants present in a
substantial proportion of isolates from a single outbreak,
suggesting mixed infections. We also found studies that describe
shared minority variants among epidemiologically linked
individuals. However, previous studies did not quantify the added
value of within-host variation to M tuberculosis transmission
inferences or include genomic datasets from multiple studies and
epidemiological settings.

Added value of this study
We tested whether within-host variation present in routine,
culture-based M tuberculosis whole-genome sequence data could
improve inferences about transmission. To our knowledge, this is
the first study to do so by applying a single bioinformatic approach

to sequence data from multiple studies conducted in different
epidemiological contexts.We reanalysed sequence data from three
previously published household transmission studies, using
household membership as a proxy for transmission linkage.
We found that household members share more within-host
M tuberculosis variation than do epidemiologically unrelated
individuals and that shared within-host variation improves
predictions of household membership compared with a model
that includes only fixed genetic distances between genomic
sequences.

Implications of all the available evidence
Our results show that some within-host M tuberculosis variation
persists through culture and that within-host variation can
improve transmission inferences, which are often constrained by
the limited genomic variation observed in M tuberculosis
outbreaks. The substantial differences in minority variation we
observed across studies highlight the need to optimise approaches
to recover and incorporate within-host variation into automated
phylogenetic and transmission inferences.
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Further, although previous studies have identified hetero-
geneity in the number of secondary cases generated by
infectious individuals4 and risk factors for onward transmis-
sion,5,6 these are often difficult to generalise. Many crucial
questions, including the contribution of asymptomatic
individuals to transmission, remain unanswered. Novel,
accessible approaches to reconstruct high-resolution trans-
mission patterns are urgently needed so that public health
programmes can identify environments driving transmission
and risk factors for onward transmission.
Commonly used approaches for MTBC transmission

inference use single consensus genomes, representing the
sequence of the most frequent alleles, from infected indi-
viduals. Closely related pathogen genomes are predicted to
bemore closely linked in transmission chains. For example,
closely relatedMTBC consensus sequences, with a pairwise
genetic distance under a given threshold, are considered
clustered and potentially epidemiologically linked.7 How-
ever, MTBC evolves at a relatively slow rate.8 The result is
that there might be limited diversity in outbreaks. Several
genomic epidemiology studies reported that multiple indi-
viduals harboured identical MTBC genomes, making it
difficult to reconstruct who infected who.9 This challenge
highlights a need to recover more informative variation
frompathogengenomes, a challengenot unique toMTBC.10

Population-levelbacterial diversitywithin an individual, or
within-host heterogeneity, can be attributed to mixed
infections (ie, infectionswithmore than one distinctMTBC
genotype) or de novo evolution (ie, mutations that are
introduced over the course of an individual’s infection).11

Previous research has found that a substantial proportion
(10–20%)11 of infected individuals harbourmixed infections
with genetically diverse populations ofMTBC.11,12 A portion
of within-host heterogeneity is probably transmitted
onward13 and therefore, within-host diversity captures
potentially valuable epidemiological information about
transmission history.13 Complex infections are also
important clinically.Within-host heterogeneity is associated
with poor treatment outcomes,12,14 and heteroresistance—
presence of bacteria cells exhibiting different levels of
susceptibility to specific antibiotics—reduces the accuracy
of diagnostics for antibiotic resistance.14

Given that minority variation is frequently observed, we
might expect that it could improve resolution of transmis-
sion and phylogenetic inference. Yet there are many open
questions about whether shared within-host variation is a
predictor of transmission linkage and, more practically,
how to recover this level of variation and incorporate it
into transmission inferences. Currently, MTBC is most
frequently cultured from sputum samples and sequenced
with short reads to generate a single consensus sequence.1

First, this approach limits the variation recovered because
culture imposes a severe bottleneck, because theremight be
small numbers of cells from minority populations in
sampled sputum, competition or stochastic growth in
culture might result in loss of minority variants, and
cultured samples are often subdivided for sequencing.15,16

Second, within-host variation, including mixed infections,
is often excluded, in part due to an absence of validated
methodological approaches for accurate recovery of such
variation.13,16 Third, repetitive genomic regions, including
the PE and PPE gene families, among themost variant-rich
and potentially informative regions of the genome, are
excluded.17–19
www.thelancet.com/microbe Vol ▪ ▪ 2024
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MTBC transmission is never directly observed, and in
practice, epidemiological linkages are frequently unknown.
This unknown makes it difficult to assess the performance
of genomic methods in identifying true transmission
linkages. We therefore aimed to leverage previously
published household transmission studies to test
whether household members—as a proxy for epidemio-
logically linked individuals—sharedmoreminority variants
than did unlinked individuals. We then aimed to test
whether shared minority MTBC variation might augment
fixed genomic differences in reconstructing epidemio-
logical linkages and might enhance transmission
inferences.

Methods
Study design
To characterise the epidemiological information held in
within-host MTBC variation present in routinely generated
Illumina sequence data from cultured isolates, we
conducted a retrospective genomic epidemiology study in
which we reanalysed sequence data from previously
published MTBC household transmission studies, using
householdmembership as a proxy for transmission linkage.
We searched PubMed from database inception until
Jan 31, 2024, for relevant articles published in Englishusing
the terms “Mycobacterium tuberculosis”, “whole genome
sequencing”, “transmission”, and “household”.We selected
studies for which both raw sequencing data were deposited
on a public database and for which epidemiological data on
household membership were additionally available.
We also included a household study that focused on
estimating the M tuberculosis substitution rate, but for
which both genomic and household membership were
available (Colangeli et al).20 We extracted information on
epidemiological linkage such as household membership
from the studies eligible for inclusion.
This reanalysis was considered non-human subject

research by the University of Utah Institutional Review
Board (IRB_00176142) and hence was exempt from full
approval by the Institutional Review Board.

Procedures
We processed raw sequence data with a previously
described variant identification pipeline available on
GitHub (appendix p 2). Briefly, we trimmed low-
quality bases and removed adapters with Trim Galore
(version 0.6.5; stringency=3).21 We used CutAdapt
(version 4.2) to further filter reads.22 We used Kraken2
to taxonomically classify reads,23 mapped reads with
bwa (version 0.7.15), and removed duplicates with
sambamba.24 We called variants with GATK 4.1
HaplotypeCaller,25 setting sample ploidy to one, and
GenotypeGVCFs. We included variant sites with a
minimum depth of 5× and a minimum variant quality
score of 20 and constructed consensus sequences with
bcftools consensus,26 excluding indels. We used the
www.thelancet.com/microbe Vol ▪ ▪ 2024
R package ape (version 5.7) to measure pairwise differ-
ences between samples and fit a maximum likelihood
tree with IQ-TREE, with 1000 ultrafast bootstrap
replicates.27,28
Statistical analysis
We considered minority variants as positions with two or
more alleles each supported by at least 5× coverage at the
same position, with the minor allele frequency above 1%,
including variants across the full MTBC genome. We then
quantified the proportion of minority variants occurring
within PE and PPE genes. In subsequent analyses, we
excluded PE and PPE genes, which might be more error
prone. We compared mean per-sample minority variation
found in different studies with theWilcoxon rank sum test.
We quantified the number of minority variants with
different predicted variant effects, as categorised by SnpEff
v.5.2.29Wemeasured associations between the total number
of per-sample minority variants as well as minor allele
frequency and per-sample median depth of coverage with
Pearson’s correlation coefficient. For all tests, we used a
significance threshold of p less than 0⋅05. We fit a logistic
regression model for the number of per-sample minority
variants including lineage, study, and sample median
coverage with the base R function glm. We estimated odds
ratios (ORs) for each covariate and characterised model
uncertainty with 95% CIs.
We then measured the number of minority variants

shared between household members and the number of
shared minority variants between epidemiologically unre-
lated pairs. To assess trade-offs in sensitivity and specificity
in minority variant identification, we measured shared
minority variants after applying increasingly conservative
minor allele thresholds: 0⋅5%, 1⋅0%, 2⋅0%, 5⋅0%, 10⋅0%,
20⋅0%, and 50⋅0%. We fit logistic regression models for
pairwise epidemiological linkage: including (1) both genetic
cluster membership (defined in different models by
12-single-nucleotide polymorphism [SNP] and five-SNP
genetic distance thresholds) and shared minority variants,
(2) only genetic cluster membership, and (3) only shared
minority variants.Wemeasured the performanceof general
linear models in classifying household pairs versus
unlinked pairs with receiver operator characteristic (ROC)
curves across all minor allele frequency thresholds, with the
R package yardstick (version 1.3.1) and identified thresholds
that maximised model ROC.
We tested for correlations between genetic distance

between MTBC consensus sequences and shared minority
variants with Pearson’s correlation coefficient. For the
Colangeli et al study, which reports sampling time, we
measured the association between sampling time between
donor and recipient transmission pairs and number of
shared minority variants with Pearson’s correlation
coefficient.
Following variant identification, all analyses were

conducted in R (version 4.2.2).
3
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(Figure 1 continues on next page)

Colangeli et al (2020)20 Guthrie et al (2018)30 Walker et al (2014)7

Location Vitória, Brazil British Columbia, Canada Oxfordshire, England

Sample size 48 participants 26 participants 253 participants

Confirmed household transmission pairs 24 pairs 12 pairs* 11 pairs

Tuberculosis incidence per 100000
person-years†

49⋅0 5⋅7 8⋅4 (reported in study)

Study design Prospective household transmission study;
index smear plus tuberculosis cases and
household enrolled, followed up prospectively
to identify secondary cases

Retrospective study; included paediatric cases
aged <18 years of tuberculosis and household
members

Retrospective study; all Oxfordshire residents
with an M tuberculosis culture or clinical
tuberculosis diagnosis from 2007 to 2012;
tuberculosis nurses identified epidemiological
linkages (ie, shared space and time)

Culture Isolates cultured on Lowenstein–Jensen slants;
each strain plated on Middlebrook 7H10 agar;
three loops of culture were scraped and
suspended in buffer

Isolates revived from frozen archival stocks on
Lowenstein–Jensen slants or in MGIT liquid
medium

Cultures obtained from frozen archival stocks;
all cultures were grown in MGIT containing
modified Middlebrooks 7H9 liquid medium
and on Lowenstein–Jensen agar

DNA extraction Phenol–chloroform DNA extraction MagMA total nucleic acid isolation kit DNA
extraction

Mechanical disruption with Fastprep
homogeniser and Lysing Matrix B; extraction
and purification with Fuji Quickgene kit

Sequencing Two lanes on an Illumina HiSeq 2500 llumina HiSeqX Illumina HiSeq

Median sample depth 447× 146× 103×

NCBI Sequence Read Archive accession
number

PRJNA475130 PRJNA413593 PRJNA549270

MGIT=Mycobacteria growth indicator tube. NCBI=National Center for Biotechnology Information. *Ten pairs with high-quality sequence data available. †From the WHO 2022 country profiles31 unless otherwise noted.

Table 1: Characteristics ofMycobacterium tuberculosis complex household transmission studies
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Figure 1: Histograms of pairwise genetic distances between MTBC consensus genomes (A), and maximum
likelihood phylogeny of consensus MTBC sequences (B)
(A) Histograms indicate counts of pairwise genetic distances between MTBC consensus genomes, for each
included study (Colangeli at al,30 Guthrie et al,30 and Walker et al7) and type pairwise comparison (household
and unlinked pairs). (B) Maximum likelihood phylogeny of consensus MTBC sequences for each study. Trees are
midpoint rooted and tree tips are coloured by household for individuals within households or with known
epidemiological links. Tree branches are in units of substitutions per site. MTBC=Mycobacterium tuberculosis
complex. SNP=single-nucleotide polymorphism.
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Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, orwritingof the
report.

Results
We identified three household transmission studies for
which both raw sequence data and epidemiological
linkages were publicly available: a household transmis-
sion study in Vitória, Brazil (Colangeli et al20), a retro-
spective population-based study of paediatric tuberculosis
in British Columbia, Canada (Guthrie et al30), and a
retrospective population-based study in Oxfordshire,
England (Walker et al7; table 1). Study design, sampling
design, culture and sequencing methods, and MTBC
lineage representation differed across studies (table 1,
appendix p 6).
As reported in the original studies, we observed limited

fixed variation between MTBC consensus sequences from
isolates collected within the same household or among
isolates from patients with epidemiological linkages com-
pared with randomly selected pairs of sequences from the
same population (figure 1A). Consensus MTBC sequences
from epidemiologically linked individuals were phylogen-
etic nearest neighbours for each study (figure 1B).However,
genetic distances between consensus sequences often
exceeded the commonly used five-SNP and 12-SNP
thresholds7,32 for classifying isolates as potentially linked in
transmission, with 20 (44⋅4%) of 45 household pairs not
meeting a five-SNP threshold and seven (15⋅6%) household
pairs not meeting a 12-SNP threshold (figure 1A).
11 (24⋅4%) isolate pairs from epidemiologically linked
individuals were within a genetic distance of two SNPs or
less, underscoring that genomic distances alone might be
limited in their resolution.
We detected a small, but measurable, minority variation

above a 1% minor allele frequency threshold in routine,
culture-based MTBC sequencing data, with a dispropor-
tionate number of minority variants occurring within the
PE and PPE genes (mean 55⋅5 minority variants [24⋅8%] of
224⋅0 total minority variants in Colangeli et al; 27⋅1 [82⋅2%]
of 33⋅0 in Guthrie et al; and 28⋅8 [80⋅1%] of 35⋅9 in
Walker et al of all minority variants, across the studies;
figure 2). Outside of the PE and PPE genes, we found
significant differences inminority variation detected across
studies with the Colangeli et al study (mean 168⋅6 minority
variants [95% CI 151⋅4–185⋅9]) identifying a higher level of
minority variation than both the Guthrie et al study
(5⋅8 [1⋅5–10⋅2]; Wilcoxon rank sum test p<0⋅0001) and the
Walker et al study (7⋅1 [2⋅4–11⋅9], p<0⋅0001; table 2).
A single isolate from an individual without household
contacts had evidence of two co-infectingMTBC lineages in
the Walker et al study.
Mostminority variants were in unique genomic locations

and no minority variant was found in more than five sam-
ples in a single study (appendix p 7). 964 (50⋅0%) of
1929 minority variants were predicted to be missense
www.thelancet.com/microbe Vol ▪ ▪ 2024
variants and only 25 (1⋅3%) minority variants were stop
mutations, which would generate a truncated protein.
However, thefivemost commonminority variants across all
three studies occurred in intergenic regions.
Median depth of coverage was significantly correlated

with the total number of minority variants detected
outside the PE and PPE genes for the Walker et al study
5
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Figure 2: Ridgeline plot of the distribution of minority variants across minor allele frequencies for ten randomly
selected samples from each study7,20,30

Each row indicates a unique sample and rowheight indicates the density ofminority variantswithin a particularminor
allele frequency bin identified for each sample, with scaling calculated separately for each panel. Panels indicate
genomic region: outside PE and PPE genes andwithin PE and PPE genes. Some samples do not haveminority variants
detected outside the PE and PPE genes.

Mean (95% CI)

Colangeli et al (2020)20

Sample 168⋅6 (151⋅4–185⋅9)
Household 97⋅7 (79⋅1–116⋅3)
Unlinked 9⋅8 (8⋅6–11⋅0)

Guthrie et al (2018)30

Sample 5⋅8 (1⋅5–10⋅2)
Household 0⋅8 (0⋅1–1⋅5)
Unlinked 0⋅2 (0⋅1–0⋅2)

Walker et al (2014)7

Sample 7⋅1 (2⋅4–11⋅9)
Household 0⋅7 (0⋅1–1⋅3)
Unlinked 0⋅2 (0⋅2–0⋅2)

Per-sample and shared minority variants across pairwise comparisons with
different epidemiological linkages, including minority variants with allele
frequency of 1% ormore, outside of the PE and PPE genes, andwithin an expected
depth.

Table 2:Measured within-host Mycobacterium tuberculosis complex
variation by comparison type
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(r=0⋅15, p=0⋅015), whereas no association was identified in
theColangeli et al (r=–0⋅044, p=0⋅76) orGuthrie et al studies
(r=–0⋅024, p=0⋅91; appendix p 8). Additionally, minor allele
frequency was negatively correlated with site depth of
coverage in the Colangeli et al (r=–0⋅20, p<0⋅0001) and the
Walker et al studies (r=–0⋅31, p<0⋅0001), but not in the
Guthrie et al study (r=0⋅11,p=0⋅18; appendixp8), potentially
indicating that both culture method and sequencing depth
were responsible for the observed differences in recovered
variation (table 1). Levels of minority variation within a
sample were associated with MTBC lineage 2 isolates
(OR 2⋅13 [95% CI 1⋅86–2⋅43]) and negatively associated
with lineage 3 (0⋅38 [0⋅32–0⋅45]) and lineage 4 isolates
(0⋅79 [0⋅69–0⋅90]), when compared with lineage 1 isolates,
when also controlling for study and isolate median
coverage.
Isolates from household pairs shared more minority

variants detected at a frequency of 1%ormoreandoutsideof
PE and PPE genes than did randomly selected pairs
of isolates: mean 97⋅7 (95% CI 79⋅1–116⋅3) shared
minority variants in isolates from household pairs versus
9⋅8 (8⋅6–11⋅0) in isolates from randomly selected pairs in
Colangeli et al; 0⋅8 (0⋅1–1⋅5) versus 0⋅2 (0⋅1–0⋅2)
in Guthrie et al; and 0⋅7 (0⋅1–1⋅3) versus 0⋅2 (0⋅2–0⋅2) in
Walker et al (all p<0⋅0001, Wilcoxon rank sum test; table 2;
figure 3). This effect rapidly declined as the definition of
minority variant became more stringent (appendix p 9).
In each study, the distribution of shared minority variants
differed significantly between epidemiologically unlinked
and epidemiologically linked isolate pairs (figure 4A).
In a general linear model, shared within-host variation

with a frequency of 1% or more and outside of PE and PPE
genes was significantly associated with household mem-
bership (OR 1⋅51 [95% CI 1⋅30–1⋅71], p<0⋅0001) for one
standard deviation increase in shared minority variants.
Genomic clustering, based on a standard 12-SNP clustering
distance threshold, was also significantly associated with
household membership (332 [147–913], p<0⋅0001). When
applying a five-SNP clustering distance threshold, we
observed a similar association of household membership
with shared minority variants (1⋅52 [1⋅38–1⋅67], p<0⋅0001).
We measured the performance of general linear models in
classifying household pairs versus unlinked pairswith ROC
curves. Includingsharedwithin-host variation improved the
accuracy of predictions in all three studies as comparedwith
a model without within-host variation (area under the ROC
curve [AUC] 0⋅95 vs 0⋅92 for Colangeli et al, 0⋅99 vs 0⋅95 for
Guthrie et al, and 0⋅93 vs 0⋅91 for Walker et al; figure 4B).
A model including within-host variation independently of
consensus sequence-based clustering resulted in AUCs
www.thelancet.com/microbe Vol ▪ ▪ 2024

www.thelancet.com/microbe


1

Colangeli et al Guthrie et al Walker et al

10

100

1000

Study

N
um

be
r o

f m
in

or
ity

 v
ar

ia
nt

s

Comparison type

Sample Household Unlinked

Figure 3: Boxplots of the number of high-quality shared minority variants between sample pairs in three
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MTBC=Mycobacterium tuberculosis complex.
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of 0⋅69 (Colangeli et al), 0⋅64 (Guthrie et al), and
0⋅64 (Walker et al; figure 4B).
To assess trade-offs in sensitivity and specificity in

minority variant identification, we applied a series of
increasingly conservativeminor allele frequency thresholds,
filtering variants detected at frequencies ranging from
0⋅05% to 50%. Maximum AUC for predicting household
membership was 0⋅998 (minor allele frequency threshold:
2%) for the Colangeli et al study, 0⋅996 (threshold: 5%) for
the Guthrie et al study, and 0⋅943 (threshold: 5%) for the
Walker et al study (appendix p 10).
Among epidemiologically unlinked pairs, shared minor-

ity variants declined significantly with increased genetic
distance between samples across all studies (appendix p 11).
For householdpairs,wedidnotfinda significant correlation
between the genetic distance between isolate consensus
sequences and number of shared minority variants in the
Colangeli et al (r=0⋅058, p=0⋅46) or Walker et al studies
(r=0⋅18, p=0⋅12; appendix p 11), suggesting that this rela-
tionshipmightnot be linear.However,wedidfindapositive
correlation between genetic distance and shared minority
variants the Guthrie et al study (r=0⋅63, p=<0⋅0001), which
was due to a single pair with a genetic distance of greater
than 20 SNPs.
Allele frequencies of shared minority variants with a

frequency of 1% or more located outside of PE and PPE
genes were correlated between isolates from household
pairs in Colangeli et al (Pearson’s r=0⋅17, p<0⋅0001) and
Guthrie et al (r=0⋅94, p<0⋅0001), but not Walker et al
(appendix p 12). We predicted that sampling time might
impact recovery of shared minority alleles because of
changes in allele frequency between the time of sampling
and time of transmission. In the Colangeli et al study,
shared minority variation was negatively correlated
(r=–0.39, p=0⋅058) with time between collection of isolates
from household index cases and household members;
however, this finding was not significant (appendix p 13).
The other studies did not report sampling times.
Discussion
Tomaximise the epidemiological informationgleaned from
the continuous evolution of MTBC, approaches to leverage
biological variation more fully are needed. Here, we found
that (1) within-host MTBC variation appears to persist in
sequence data from culture; (2) the magnitude of within-
host variation varies between and within studies and is
affected by methodological choices, lineage, or both; and
(3) MTBC isolates from epidemiologically linked individu-
als share higher levels of variation than do unlinked indi-
viduals and shared within-host variation improves
predictions of epidemiological linkage. Our results suggest
that minority variation could contribute epidemiological
information to transmission inferences, improving infer-
ences from consensus sequences, and that alternative
approaches to culture-based sequencing might further
contribute to this observed epidemiological signal.
www.thelancet.com/microbe Vol ▪ ▪ 2024
As sequencing has become more efficient and less
expensive, pathogen genomic studies have begun to
describe previously uncharacterised levels of minority
variation within individual hosts and shared between
transmission pairs. For example, MTBC within-host vari-
ation has been used to reveal an undetected superspreader
in a single large outbreak in the Canadian Arctic,13 shared
patterns of co-infection in an outbreak in the Colombian
Amazon,33 shared patterns of variation in a previously
described compensatory mutation in Paraguay,34 and
shared minority variants among epidemiologically linked
individuals in Spain.35 The existence of shared minority
variants suggests that variation present in a donor’s infec-
tion persists through transmission and is maintained
within the recipient through population changes and
immune pressures. Recently developed transmission
inference approaches include pathogen within-host diver-
sity to infer transmission events,36 but are not frequently
applied to MTBC, which is unique in its slow substitution
rate and long and variable periods of latent infection.
Characterising within-host variation can also illuminate
evolutionary processes—for example, parallel evolution
and within-host adaptation of Mycobacteroides abcessus in
longitudinally sampled patients.37

In the present study, we quantified minority variants
identified by a standard variant calling pipeline indicating
7
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that new pipelines are not required to harness this level of
pathogen variation. Future work is needed to develop
automated, user-friendly pipelines for transmission and
phylogenetic inference that include both fixed genomic
differences and within-host variation.
A major challenge in pathogen genomics, including

studies of within-host pathogen variation, is in distin-
guishing true biological variation from noise introduced by
sequencing, bioinformatic analysis, or other errors. Often,
pathogen genomic approaches err on the side of specificity
and impose conservative variant filters. Our findings here
and previously suggest that for studying transmission
linkages, including low frequency minority variants could
improve predictions of transmission linkage, although it is
possible that someof theminority variantswithin individual
samples and shared across samples are artifacts.17

Our findings underscore the further work needed to
optimise approaches for highly accurate identification of
both within-host and genome-wide variation. For example,
because of limited variation observed in transmission
www.thelancet.com/microbe Vol ▪ ▪ 2024
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clusters, there has been interest in using PE and PPE genes
as an additional source of genetic variation. Our observation
thatminority variants are concentrated inPE andPPE genes
highlights the need for testing whether long read sequen-
cing or alternative mapping approaches can improve the
accuracy of variant identification in this highly variable
region.17,19 Work published in the past 5 years showed that
pathogen enrichment approaches—through either host
DNA depletion or pathogen DNA enrichment—can allow
MTBCsequencingdirectly fromclinical samples, bypassing
the need for culture.35,38 Sequencing from positive liquid
broth culture of specimensmight be an intermediate step to
improve detection of within-host variation.
There are several limitations to our study. First, we

conducted a reanalysis of previously published sequence
data from clinicalMTBC samples.We therefore do not have
information about the true biological variation present
within samples and cannot assess sensitivity and specificity
of variants identified using alternative approaches. Experi-
ments that directly compare recovery ofminority variants in
known strain mixtures are required. Second, we found
substantially higher within-host variation in one study
(Colangeli et al20) than in the other two (Guthrie et al30 and
Walker et al7), probably reflecting large differences in study
design and sample preparation. The Colangeli et al study
was prospective, and included three loops of culture for
DNA extractions, whereas the Guthrie et al andWalker et al
studies were retrospective and re-cultured isolates after
frozen storage. The observed difference in within-host
variation between studies could also reflect higher
population-wide MTBC diversity circulating in a higher-
incidence setting (Brazil vs Canada and England). Future
work, including a larger number of studies, is needed to
identify factors associated with recovered within-host vari-
ation—including steps inMTBC sampling, sampling time,
culture, laboratory preparation, or sequencing that might
have influenced recovered within-host variation. Third, we
considered household transmission pairs as our reference
standard for transmission linkages.Although the studieswe
included employed additional filters to exclude household
pairs unlikely to be epidemiologically linked, these are
imperfect reference standards, and it is possible that these
pairs are misclassified. It is also possible that transmission
outside of households resulted in undocumented epi-
demiological linkages. However, the impact of such mis-
classifications would be to bias our results towards the null
finding that shared minority variants are not more likely to
be found in transmission pairs than unlinked pairs. Fourth,
we do not have access to sequencing replicates of the same
sputum culture or biological replicates of the same sputum
to quantify the concordance of minority variants across
sequencing or biological replicates. Fifth, here, we cannot
differentiate between de novo variation that accumulated in
culture versus variationpresent in the sputum, althoughour
findings of shared variation among transmission pairs
suggest that some variants were present in sputum. Finally,
we took a reference-based approach to identify minority
www.thelancet.com/microbe Vol ▪ ▪ 2024
variants, whichmight underestimate true levels ofminority
variation present within individual infections and shared
across infections.
Our findings of within-host variation present in cultured

MTBC samples suggest that within-host MTBC variation
could augment routine transmission inferences. More
broadly, these finding suggest that assessing MTBC
variation, including within-host variants, in addition to
genome-wide variants and indels might improve both
transmission and phylogenetic inferences.

Contributors
KSW:conceptualisation, data curation, formal analysis, funding acquisition,
investigation, methodology, visualisation, and writing (original draft).
JRA: conceptualisation, funding acquisition, investigation, methodology,
visualisation, writing (review and editing), and supervision. TC, BM, CC,
BS, IC, GAG, and JC: supervision, methodology, and writing (review and
editing). All authors had access to the data used in the study and accept
responsibility for the decision to submit for publication. KSW and JRA
have directly accessed and verified the underlying data reported in
the manuscript.

Declaration of interests
JRA reports support from the US National Institutes of Health (NIH);
receiving donated Cepheid disposable open cartridges from Cepheid to
Stanford University for NIH-funded tuberculosis research; participation
in two Data Safety Monitoring Boards for NIH-funded tuberculosis
trials; and participation in the Science Advisory Board for an
NIH-funded tuberculosis network. JC reports grants from the NIH,
Valneva/Butantan Institution, Coalition for Epidemic Preparedness
Innovations–Sabin Institute, MSD, and Sanofi Pasteur for clinical and
epidemiological studies; honoraria from Pfizer; participation in the
Brazil Advisory Board for the mRNA-1273 vaccine Moderna–Zodiac, the
Latin America and Brazilian Advisory Board for paxlovid (nirmatrelvir–
ritonavir; Pfizer), the Brazil Advisory Board for the Qdenga vaccine
(Takeda), and the Takeda Global Dengue Steering Committee. All other
authors declare no competing interests.

Data sharing
Sequence data reanalysed in this study were available from the Sequence
Read Archive (accession numbers: PRJNA475130, PRJNA413593, and
PRJNA549270).Accompanyingmetadatawere accessed from the individual
studies.7,20,30 Our variant identification pipeline and all analysis scripts
for this study are available at https://github.com/ksw9/mtb-call2 and
https://github.com/ksw9/mtb-within-host.

Acknowledgments
This study was fully funded by the NIH National Institute of Allergy and
Infectious Diseases (5K01AI173385, R01AI100358, and R01AI149620).

References
1 Meehan CJ, Goig GA, Kohl TA, et al. Whole genome sequencing

of Mycobacterium tuberculosis: current standards and open issues.
Nat Rev Microbiol 2019; 17: 533–45.

2 Auld SC, Shah NS, Mathema B, et al. Extensively drug-resistant
tuberculosis in South Africa: genomic evidence supporting
transmission in communities. Eur Respir J 2018;
52: 1800246.

3 Middelkoop K, Mathema B, Myer L, et al. Transmission of
tuberculosis in a South African community with a high prevalence
of HIV infection. J Infect Dis 2015; 211: 53–61.

4 Ypma RJF, Altes HK, van Soolingen D, Wallinga J, van
Ballegooijen WM. A sign of superspreading in tuberculosis: highly
skewed distribution of genotypic cluster sizes. Epidemiology 2013;
24: 395–400.

5 Gygli SM, Loiseau C, Jugheli L, et al. Prisons as ecological
drivers of fitness-compensated multidrug-resistant.
Mycobacterium tuberculosis. Nat Med 2021; 27: 1171–77.
9

https://github.com/ksw9/mtb-call2
https://github.com/ksw9/mtb-within-host
www.thelancet.com/microbe


Articles

10
6 Xu Y, Cancino-Muñoz I, Torres-Puente M, et al. High-resolution
mapping of tuberculosis transmission: whole genome sequencing
and phylogenetic modelling of a cohort from Valencia Region, Spain.
PLoS Med 2019; 16: e1002961.

7 Walker TM, Lalor MK, Broda A, et al. Assessment of Mycobacterium
tuberculosis transmission in Oxfordshire, UK, 2007–12, with whole
pathogen genome sequences: an observational study.
Lancet Respir Med 2014; 2: 285–92.

8 Menardo F, Duchêne S, Brites D, Gagneux S. The molecular
clock of Mycobacterium tuberculosis. PLoS Pathog 2019; 15: e1008067.

9 Casali N, Nikolayevskyy V, Balabanova Y, et al. Evolution and
transmission of drug-resistant tuberculosis in a Russian population.
Nat Genet 2014; 46: 279–86.

10 Siddle KJ, Krasilnikova LA, Moreno GK, et al. Transmission from
vaccinated individuals in a large SARS-CoV-2 delta variant outbreak.
Cell 2022; 185: 485–492.e10.

11 Cohen T, van Helden PD, Wilson D, et al. Mixed-strain
Mycobacterium tuberculosis infections and the implications for
tuberculosis treatment and control. Clin Microbiol Rev 2012;
25: 708–19.

12 Cohen T, Chindelevitch L, Misra R, et al. Within-host heterogeneity
of Mycobacterium tuberculosis infection is associated with poor early
treatment response: a prospective cohort study. J Infect Dis 2016;
213: 1796–99.

13 Lee RS, Proulx JFF, McIntosh F, Behr MA, Hanage WP. Previously
undetected super-spreading of Mycobacterium tuberculosis revealed by
deep sequencing. eLife 2020; 9: e53245.

14 Zetola NM, Shin SS, Tumedi KA, et al. Mixed Mycobacterium
tuberculosis complex infections and false-negative results for rifampin
resistance by GeneXpert MTB/RIF are associated with poor clinical
outcomes. J Clin Microbiol 2014; 52: 2422–29.

15 Martín A, Herranz M, Ruiz Serrano MJ, Bouza E, García de
Viedma D. The clonal composition of Mycobacterium tuberculosis in
clinical specimens could be modified by culture. Tuberculosis (Edinb)
2010; 90: 201–07.

16 Plazzotta G, Cohen T, Colijn C. Magnitude and sources of bias in the
detection of mixed strain M tuberculosis infection. J Theor Biol 2015;
368: 67–73.

17 Walter KS, Colijn C, Cohen T, et al. Genomic variant-identification
methods may alter Mycobacterium tuberculosis transmission
inferences. Microb Genom 2020; 6; mgen000418.

18 Ates LS. New insights into the mycobacterial PE and PPE proteins
provide a framework for future research. Mol Microbiol 2020;
113: 4–21.

19 Phelan JE, Coll F, Bergval I, et al. Recombination in pe/ppe genes
contributes to genetic variation in Mycobacterium tuberculosis
lineages. BMC Genomics 2016; 17: 151.

20 Colangeli R, Gupta A, Vinhas SA, et al. Mycobacterium tuberculosis
progresses through two phases of latent infection in humans.
Nat Commun 2020; 11: 4870.

21 Krueger F. Trim Galore. 2019. https://github.com/FelixKrueger/
TrimGalore/blob/master/Docs/Trim_Galore_User_Guide.md
(accessed Jan 31, 2022).

22 Martin M. Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet J 2011; 17: 10.
23 Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biol 2014; 15: R46.

24 Tarasov A, Vilella AJ, Cuppen E, Nijman IJ, Prins P. Sambamba:
fast processing of NGS alignment formats. Bioinformatics 2015;
31: 2032–34.

25 Van der Auwera GA, O’Connor BD. Genomics in the cloud: using
Docker, GATK, and WDL in Terra. O’Reilly Media, 2020.

26 Danecek P, Bonfield JK, Liddle J, et al. Twelve years of SAMtools and
BCFtools. Gigascience 2021; 10: 1–4.

27 Minh BQ, Schmidt HA, Chernomor O, et al. IQ-TREE 2: new models
and efficient methods for phylogenetic inference in the genomic era.
Mol Biol Evol 2020; 37: 1530–34.

28 Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS.
UFBoot2: improving the ultrafast bootstrap approximation.
Mol Biol Evol 2018; 35: 518–22.

29 Cingolani P, Platts A, Wang LL, et al. A program for annotating and
predicting the effects of single nucleotide polymorphisms, SnpEff:
SNPs in the genome of Drosophila melanogaster strain w1118; iso-2;
iso-3. Fly 2012; 6: 80–92.

30 Guthrie JL, Delli Pizzi A, Roth D, et al. Genotyping and
whole-genome sequencing to identify tuberculosis transmission
to pediatric patients in British Columbia, Canada, 2005–2014.
J Infect Dis 2018; 218: 1155–63.

31 WHO. Global tuberculosis report 2023. World Health Organization,
2023.

32 Public Health England. Tuberculosis in England 2018 report
(presenting data to end of 2017). 2018. https://assets.publishing.
service.gov.uk/media/5c922c8240f0b633f5bfd879/Tuberculosis_
case_notifications_England_2018_Provisional_data.pdf
(accessed Jan 31, 2022).

33 Pérez-Llanos FJ, Dreyer V, Barilar I, et al. Transmission dynamics of
a Mycobacterium tuberculosis complex outbreak in an indigenous
population in the Colombian Amazon Region. Microbiol Spectr 2023;
11: e0501322.

34 Sanabria GE, Sequera G, Aguirre S, et al. Phylogeography and
transmission of Mycobacterium tuberculosis spanning prisons and
surrounding communities in Paraguay. Nat Commun 2023;
14: 303.

35 Goig GA, Cancino-Muñoz I, Torres-Puente M, et al. Whole-genome
sequencing of Mycobacterium tuberculosis directly from clinical
samples for high-resolution genomic epidemiology and drug
resistance surveillance: an observational study. Lancet Microbe 2020;
1: e175–83.

36 De Maio N, Worby CJ, Wilson DJ, Stoesser N. Bayesian
reconstruction of transmission within outbreaks using genomic
variants. PLoS Comput Biol 2018; 14: e1006117.

37 Choi J, Keen EC, Wallace MA, et al. Genomic analyses of
longitudinal Mycobacterium abscessus Isolates in a multicenter cohort
reveal parallel signatures of in-host adaptation. J Infect Dis 2023;
228: 321–31.

38 Mann BC, Jacobson KR, Ghebrekristos Y, Warren RM, Farhat MR.
Assessment and validation of enrichment and target capture
approaches to improve Mycobacterium tuberculosis WGS from direct
patient samples. J Clin Microbiol 2023; 61: e0038223.
www.thelancet.com/microbe Vol ▪ ▪ 2024

https://github.com/FelixKrueger/TrimGalore/blob/master/Docs/Trim_Galore_User_Guide.md
https://github.com/FelixKrueger/TrimGalore/blob/master/Docs/Trim_Galore_User_Guide.md
https://assets.publishing.service.gov.uk/media/5c922c8240f0b633f5bfd879/Tuberculosis_case_notifications_England_2018_Provisional_data.pdf
https://assets.publishing.service.gov.uk/media/5c922c8240f0b633f5bfd879/Tuberculosis_case_notifications_England_2018_Provisional_data.pdf
https://assets.publishing.service.gov.uk/media/5c922c8240f0b633f5bfd879/Tuberculosis_case_notifications_England_2018_Provisional_data.pdf
https://assets.publishing.service.gov.uk/media/5c922c8240f0b633f5bfd879/Tuberculosis_case_notifications_England_2018_Provisional_data.pdf
https://assets.publishing.service.gov.uk/media/5c922c8240f0b633f5bfd879/Tuberculosis_case_notifications_England_2018_Provisional_data.pdf
www.thelancet.com/microbe

	Signatures of transmission in within-host Mycobacterium tuberculosis complex variation: a retrospective genomic epidemiolog ...
	Introduction
	Methods
	Study design
	Procedures
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Contributors
	Declaration of interests
	Data sharing
	Acknowledgments
	References


