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ABSTRACT

Tuberculosis (TB) disease can be characterized by genotypic and phenotypic complexity in Mycobacterium tuberculosis bacilli
within a single patient. This microbiological heterogeneity has become an area of intense study due its perceived
importance in drug tolerance, drug resistance and as a surrogate measure of transmission rates. This review presents a
descriptive analysis of research describing the prevalence of mixed-strain TB infections in geographically distinct locations.
Despite significant variation in disease burden and a rampant human immunodeficiency virus (HIV)-TB co-epidemic, there
was no difference in the prevalence range of mixed infections reported in African countries when compared to the rest of
the world. The occurrence of recurrent TB was associated with a higher prevalence of mixed-strain infections, but this
difference was not reported as statistically significant. These interpretations were limited by differences in the design and
overall size of the studies assessed. Factors such as sputum quality, culture media, number of repeated culture steps,
molecular typing methods and HIV-infection status can affect the detection of mixed-strain infection. It is recommended
that future clinical studies should focus on settings with varying TB burdens, with a common sample processing protocol to
gain further insight into these phenomena and develop novel transmission blocking strategies.
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INTRODUCTION

Efforts to contain tuberculosis (TB) with combination
chemotherapy for the past 50 years have met with mixed
success as this disease remains a global public health concern
and is now the leading cause of death due to an infectious
bacterial agent (WHO 2016a). Current TB treatment is char-
acterized by a variety of disease outcomes including clinical

cure, treatment failure and the development of latent infection,
with the latter two carrying the risk of subsequent relapse
disease. Chemotherapy of TB is complex and while ultimately
aimed at eliminating tubercle bacilli, treatment can also result
in the selection of various forms of antimicrobial resistance.
This can lead to emergence of one dominant resistant bacterial
genotype or the appearance of heteroresistance, comprising
mixtures of drug-susceptible and drug-resistant organisms.
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This complexity in bacterial populations, which can occur in
a single patient, presents unique challenges and hampers the
rapid clearance of organisms during chemotherapy. In addition,
differences in bacterial growth states can further contribute to
the establishment of drug-tolerant populations as chemothera-
peutic agents are generally targeted at metabolic pathways that
are a hallmark of active bacterial replication (Zumla, Nahid and
Cole 2013; Kana et al. 2014). This is evidenced by the demon-
stration that sputum from TB patients contains a mixture
of actively replicating and differentially culturable tubercle
bacteria (DCTB), the latter displaying tolerance to first-line TB
chemotherapeutics (Mukamolova et al. 2010; Chengalroyen et al.
2016; Loraine et al. 2016). It is proposed that these drug-tolerant
populations provide the framework for the selection and emer-
gence of genetically stable drug-resistant strains (Loraine et al.
2016). In view of this, the genomic plasticity and resulting strain
complexity of Mycobacterium tuberculosis populations during
infection is a key feature of the success of this deadly pathogen
and merits further consideration. As a result, the complexity
in M. tuberculosis population dynamics in human populations
has become the focus of intense study. The advent of molecular
typing methods and next-generation sequencing technologies
has allowed for the genetic characterization of M. tuberculosis
strains at a resolution that was previously not possible (Gan
et al. 2016; Dheda et al. 2017).

DNA fingerprinting technologies, developed over the past
two decades, have been widely used to study the diversity of
M. tuberculosis strains and to investigate episodes of exogenous
re-infection and relapse (van Rie et al. 1999; Bandera et al. 2001;
Caminero et al. 2001), as well as the presence of heteroresis-
tance in sputum isolates (Kaplan et al. 2003; Post et al. 2004;
Shamputa et al. 2004), and the occurrence of mixed M. tuber-
culosis strain infections (Warren et al. 2004; van Rie et al. 2005;
Shamputa et al. 2006; Cohen et al. 2011). Prior to these advances,
TB disease was assumed to occur as a consequence of infec-
tion with a single M. tuberculosis strain, this event was thought
to confer a measure of protection against infection with a sec-
ondary strain (Stead 1967). Recurrence of the disease was un-
derstood to be the result of endogenous re-activation of a non-
replicating, immune-subversive variant of the strain that was
responsible for the original disease episode (Stead 1967). In
this context, the importance of re-infection remained relatively
unexplored. However, molecular-based genotyping has subse-
quently demonstrated that exogenous re-infection with differ-
ent M. tuberculosis strains does indeed occur in both high- and
low-incidence settings, thus confirming that previous infection
does not provide protection against subsequent infection (Small
et al. 1993; van Rie et al. 1999; Sonnenberg et al. 2001; Kruuner
et al. 2002; Andrews et al. 2008; Charalambous et al. 2008). Fur-
thermore, studies have shown that many TB cases occur as a
result of recent transmission and depending on setting; these
transmission events are likely to take place outside of the house-
hold within the community (Verver et al. 2004; Dheda et al. 2017).
High rates of re-infection have important implications for TB
control strategies and highlight the need to reduce TB transmis-
sion in the community, together with the importance of early di-
agnosis, coupled with treatment initiation. TB disease due to re-
cent transmission and re-infection has become an increasingly
relevant topic of study in the era of human immunodeficiency
virus (HIV) infection, as the resulting reduced immunity may
result in vulnerable populations becoming increasingly suscep-
tible to infection or re-infection with M. tuberculosis. Moreover,
increased transmission in communitieswith a diversity of circu-
latingM. tuberculosis strains can lead to mixed-strain infections,

which have been documented in many distinct geographical lo-
cations, emphasizing the importance of interventions that limit
or interrupt transmission. The complex environment of the lung
as a site for TB disease, combined with sustained exposure to
tubercle bacilli in high-TB-endemic settings, enhances the oc-
currence ofmixed-strain infections, which have been associated
with unfavorable treatment outcomes (Theisen et al. 1995; Nie-
mann et al. 2000; Baldeviano-Vidalon et al. 2005; van Rie et al.
2005; Kamakoli et al. 2017). Given the emerging importance of
phenotypic diversity in bacterial populations during TB patho-
genesis, this review takes a retrospective view of published stud-
ies that report the prevalence of mixed-strain infections within
select populations. The prevalence of these phenomena was in-
terrogated amongst studies conducted within and outside the
African continent to identify patient and population-level risk
factors associated with mixed-strain TB infections, as well as
possible avenues for future research. Recurrent TB and factors
associated with relapse versus re-infection are discussed, to-
gether with any association with mixed-strain infections. For
clarity, the terminology and methods used to describe and
study these clinically complex presentations of TB disease are
detailed below.

DEFINITIONS AND TERMINOLOGY

Definitions of terms and descriptions of features relating to TB
disease, pathogenesis and epidemiology that are commonly en-
countered in the literature and feature in this review are given
below. These are further clarified in Fig. 1.

Primary TB disease

Primary TB, Fig. 1, is defined as disease in a patient who has
never been treated for TB or has taken anti-TB medication for
less than a month (WHO 2014).

Endogenous re-activation

Endogenous reactivation refers to incident cases of TB (both
new and recurrent) that occur as a result of re-activation/re-
emergence of a previous infection that was contained by the
host immune response, in the case of individuals with latent
TB infection, and/or the application of chemotherapy in patients
with active TB disease, Fig. 1. This is in contrast to TB disease
(both new and recurrent) that is a result of a recent transmis-
sion event (Mathema et al. 2006).

Recurrent TB disease

Recurrent TB refers to a repeat occurrence (second, third or sub-
sequent episode) of TB disease in a patient that occurs as a result
of either relapse or re-infection. Recurrent TB occurs after the
previous/initial episode has been classified as clinically cured
according toWHO guidelines [smear or culture-negative sputum
specimens in the last month of treatment and on at least one
previous occasion, (WHO 2016a)].

Re-infection

Recurrent TB disease also occurs as a result of re-infection,
whereby a patient is exogenously infected with a Mycobacterium
tuberculosis strain that is distinct from the organism that caused
the original infection, Fig. 1B (Mathema et al. 2006). A caveat here
is that in high-incidence settings, patients, on rare occasions,
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Figure 1. Recurrent disease andmixed-strainM. tuberculosis infections. Shown are the various scenarios that give rise to recurrent TB disease andmixed infections. (A)

Relapse disease occurs due to the re-emergence of anM. tuberculosis strain that caused the original infection, suggesting that complete eradication of tubercle bacteria
was not achieved during the primary disease episode. In this case, the second disease episode results from the presence of persisting organisms that emerge when
treatment is stopped and environmental factors are favorable for bacillary survival. (B) Re-infection occurs when a patient is infected with an M. tuberculosis strain
that is distinct from the strain that caused the original infection. High rates of re-infection can be attributed to both environmental and host factors. Alternatively,

an individual can be functionally cured, with no surviving bacteria but can then be re-infected with the same strain that caused the primary disease episode. In the
absence of molecular tools to distinguish these events, this would result in the incorrect classification of re-activation, see (A). (C) Mixed infections can occur in both
primary TB disease and recurrent TB disease. During primary disease, mixed infections can occur during a single infectious episode, whereby two genetically distinct
strains are present at the same time during the initial infectious episode. Alternatively, infection with a second distinct strain (super infection) can occur during latent

infection or active disease. Re-infection with a second strain may also result in re-activation of an underlying strain.

may be exposed to or be infected by a very similar or the same
strain as in the primary infection, which makes differentiation
between relapse and re-infection in these particular cases diffi-
cult.

Relapse

Relapse disease is defined as a second (or third) episode of
active TB disease due to re-emergence of the original infec-
tion, as determined by genotypic analysis of the prevailing
tubercle bacilli (Mathema et al. 2006). As indicated for re-
infection, substantive homogeneity in M. tuberculosis strains

in any given setting, combined with high transmission rates,
will make the classification relapse versus re-infection dif-
ficult. In these cases, whole-genome sequencing (WGS) to
identify minor differences will provide the greatest insight
(Gan et al. 2016).

Mixed-strain TB infection

This refers to TB disease caused by more than one clonally dis-
tinct M. tuberculosis strain, either through a single transmis-
sion event involving more than one distinct strain or through
multiple transmission events (super-infection) during a single-
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disease episode, Fig. 1C. The simultaneous transmission of mul-
tiple strains resulting in mixed infection may occur in popula-
tions of vulnerable individuals, whereby both strains are able
to bypass the host’s defense system and resist killing (Warren
et al. 2004). Super-infection can also occur when the severity
of a current disease episode is such that it compromises the
host innate immune response to a point that leads to increased
susceptibility to infection with a secondary strain (Warren et al.
2004). Alternatively, mixed-strain infections can arise if a subse-
quent infectious episode, which was caused by a distinct strain,
results in relapse of the original infection, yielding disease with
two uniqueM. tuberculosis strains that may have the same or dif-
ferent drug susceptibility profiles.

Heteroresistance

The term heteroresistance refers to the occurrence of popula-
tions of both drug-susceptible and drug-resistant isolates within
the same clinical sample (Rinder 2001). This phenomenon may
arise in a single infection as tubercle bacilli undergo genetic
change through mutation of genes associated with drug resis-
tance. It may also arise in mixed-strain infections, whereby one
strain is resistant to a particular TB drug, while the other strain
is susceptible. When heteroresistance occurs within the same
strain type, it involves sub-populations of M. tuberculosis, for ex-
ample resistant mutants co-existing with susceptible wild-type
genotypes of specific resistance-related genes such as katG or
rpoB in the same sputum specimen. This phenomenon is known
as clonal heteroresistance, which is dependent solely on within-
host processes affecting a single causative strain, in comparison
to a mixed infection that is reliant on the presence of more than
one strain.

METHODOLOGY USED TO STUDY RECURRENT
TB AND STRAIN HETEROGENEITY

Numerous approaches have been employed to describe the
microbiological complexity associated with TB disease, fur-
ther detailed below. While some methods rely on variations in
the biochemical properties of tubercle bacilli, the most popu-
lar methods used for the identification of mixed-strain infec-
tions include IS6110-based restriction fragment length polymor-
phism (IS6110 RFLP) analysis, spacer oligonucleotide genotyping
(spoligotyping) and the mycobacterial interspersed repetitive-
unit-variable-number of tandem repeats (MIRU-VNTR) typing.
In more recent work, metagenomics (Kay et al. 2015) and WGS
approaches have been used (Ford et al. 2012; Gan et al. 2016).

Phage typing of Mycobacterium tuberculosis strains

Mixed-strain infections were first described in the 1970s using
phage typing of M. tuberculosis cultures (Mankiewicz and Liivak
1975; Bates, Stead and Rado 1976). This method demonstrated
that distinct strains of M. tuberculosis could be isolated from a
single sputum sample by the typing ofmultiple colonies on solid
culture media (Mankiewicz and Liivak 1975).

IS6110 RFLP typing

IS6110 RFLP typing is an attractive tool to study transmission
dynamics and relatedness of M. tuberculosis isolates (Cave et al.
1994; Warren et al. 2004). Strain identification using this method
relies on the number and position of the transposable inser-

tion sequence element, IS6110, in M. tuberculosis strains after
restriction digestion, yielding a unique fingerprint pattern (van
Embden et al. 1993). In studies investigating recurrent TB dis-
ease, strains exhibiting an identical banding pattern to the pri-
mary infectious episode point to relapse of TB disease, whereas
re-infection and recent transmission is implied when distinct
banding patterns are obtained. IS6110 RFLP technology has also
been utilized to identify mixed infections either by the identi-
fication of low-intensity banding patterns (LIBs) present in the
same sputum sample (de Boer et al. 2000) or by the identifica-
tion of unique fingerprints from the selection of multiple single
colonies from the original sample (de Viedma et al. 2003; Das
et al. 2004; Shamputa et al. 2004). One limitation of this method
is that the identification of LIBs requires that at least 10% of the
extracted DNA originates from the minority strain in order to
be detected (Cohen et al. 2012). An additional limitation is that
it fails to reliably discriminate between strains with less than
six IS6110 copies i.e. low-copy-number isolates (Gutacker et al.
2006). Some of these strains, displaying identical banding pat-
terns on IS6110 typing, have been shown to have unique genetic
identities when using a secondary genotyping method (Bauer
et al. 1999; Rhee et al. 2000).

Spoligotyping

Spoligotyping is the most commonly used PCR-based method
for genotyping and differentiating between M. tuberculosis com-
plex (MTBC) strains and is based on the visualization of 43 in-
terspersed spacer sequences in a genomic direct repeat locus of
MTBC strains (Kamerbeek et al. 1997). Although spoligotyping is
a popular and simple molecular tool used in the study of molec-
ular epidemiology, it has lower discriminatory powerwhen com-
pared to IS6110 RFLP typing and is generally not recommended
for use on its own in the study of mixed infections or transmis-
sion patterns (Kremer et al. 1999).

MIRU-VNTR typing

This method uses PCR to categorize the number and sizes of re-
peats in aminimumof 12 independent loci, each ofwhich have a
unique repeat sequence (Barnes and Cave 2003). As this method
examines heterogeneity within a limited set of loci, its discrim-
inatory power is linked to the number of loci that are evaluated.
An advantage of MIRU-VNTR typing is that it can identify strains
that are under-represented in a mixed-strain infection. Thus, a
minority strain representing as little as 1% of the entire bacte-
rial population can be identified using this technique (de Viedma
et al. 2005). One limitation of this method is that it may present
difficultly in differentiating between mixed infection and mi-
croevolution of strains (Cohen et al. 2012).

Whole-genome sequencing
WGS has become an established method in the field of molecu-
lar epidemiology. The application of this technology provides the
capability of in-depth analysis into the diversity ofM. tuberculosis
strains that cannot be achieved by other currently used molec-
ular methods. However, its use has been hampered by high cost
and the complexity of data analysis but it is likely that the appli-
cation of WGS will increase as new-generation sequencing be-
comes more affordable and simpler data analysis tools become
available.
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APPROACH FOR RETROSPECTIVE ANALYSIS

To retrospectively assess the prevalence of mixed-strain in-
fections, the published literature was interrogated for reports
that described these and related occurrences. Publications se-
lected for analysis were obtained through the Pubmed database
(www.ncbi.nlm.gov/pubmed) using the following keywords and
Boolean operators: (mixed OR multiple) AND tuberculosis AND
(strain OR strains), which yielded 1749 hits. Relevant English
articles published from the beginning of records till December
2016 that reported the occurrence of mixed-strain infections us-
ing molecular genotyping techniques in adult TB patients were
chosen. These articles were selected using several criteria which
included, geographic location, patient population, recurrent TB
andwhere possible, congruent processing protocols.We also en-
deavored to differentiate our analysis to a previous review pub-
lished 4 years ago (Cohen et al. 2012), which affected our inclu-
sion/exclusion of studies. Studies with a starting sample size
of less than 10 patients were excluded from analysis. In addi-
tion, relevant articles that were referenced by papers obtained
through the original search were also included for analysis. The
analysis of mixed infections was further stratified by primary
and recurrent disease. In some instances, where not reported,
the proportion of mixed infections was calculated in each co-
hort based on the information available. The resulting synthe-
sis of research on mixed Mycobacterium tuberculosis infections
worldwide, spanning over the last 15–17 years is provided in this
review.

MIXED MYCOBACTERIUM TUBERCULOSIS
INFECTIONS

Studies of TB cases in deceased patients from the 18th century,
while limited, revealed that in five out of eight bodies investi-
gated using metagenomics, more than one Mycobacterium tuber-
culosis genotype was identified, suggesting that mixed-strain in-
fection may have been a common occurrence during a time of
rampant TB in Europe (Kay et al. 2015). Current studies investi-
gating the frequency of present day mixed M. tuberculosis infec-
tions confirm that they can occur regularly but the frequency of
detection varies according to the design of the studies, the sam-
ple size and methodology used.

African versus non-African studies

For the greatest coverage possible, geographically distinct re-
gions covering Africa and countries outside Africa, respectively,
were included in this review and the findings summarized in Ta-
bles 1 and 2. The rationale for this stratificationwas based on the
observation that countries in Africa (especially southern Africa)
carry a high burden of HIV-associated TB (WHO 2016a,b). We hy-
pothesized that the compromised immune response in individ-
uals associated with these dual epidemics, together with a high
incidence of TB and elevated transmission rates, would give rise
to a greater prevalence of mixed infections on the African conti-
nent. The reported TB incidence figures per 100 000 population
in the select countries used for this analysis were South Africa,
834; Rwanda, 63; Zambia, 406; Malawi, 164; Uganda, 161. In sim-
ilar studies from outside of Africa, the TB incidence figures per
100 000 population were Spain, 12; India, 167; Bangladesh, 227;
Georgia, 106; China, 68; Kyrgyzstan, 142; Vietnam, 140; Guyana,
93; Surinam, 33 and Pakistan, 270 (WHO 2016b). Amongst stud-
ies fromAfrican countries, 15 that investigated the occurrence of
mixed infections in patients with pulmonary TB were included

for analysis. These studies were selected on the basis of the
methodology employed as well as the number of patient sam-
ples analyzed. Of the selected African studies, nine were con-
ducted in South Africa, and the remaining six were carried out
in Rwanda, Zambia, Malawi (one study from each country) and
Uganda (three studies). The frequency of mixed infections ob-
served in sputum samples from African studies varied between
2.3% and 19% (Table 1). Frequencies of mixed infections reported
in 19 studies performed in countries outside of Africa were sim-
ilar to those in Africa and varied from <0.4% to 15.7% (Table 2).
Given the substantive variation in overall study design, it is un-
clear whether the difference in the upper limit of mixed infec-
tion prevalence, 14%–19%, can be considered as significant. Pos-
sible reasons for the large variation in the occurrence of mixed
infection in any particular setting or between the select studies
are outlined below.

Effect of quality, volume and processing of specimens

A major contribution to variations between studies in similar
settings is likely to be sputum collection and processing. The
collection of a single, low-volume sputum sample may greatly
decrease the odds of finding mixed infection episodes. For ex-
ample, a poor-quality sputum sample containing a significant
amount of upper airway secretions is unlikely to be represen-
tative of the entire M. tuberculosis population in the bronchial
tree, while the collection of multiple sputum samples may in-
crease the odds of sampling from different cavities within the
lung. Several studies reviewed here, relied on the collection of
sputum cultures from multiple pre-treatment specimens to in-
crease the sensitivity of their assay (Richardson et al. 2002a;
Shamputa et al. 2006; Peng et al. 2013). Similarly, for the demon-
stration of mixed infections, typing of cultures from multiple
sputum samples from smear-positive individuals, collected se-
rially over time, was used (Braden et al. 2001; Baldeviano-Vidalon
et al. 2005; van Rie et al. 2005; Dickman et al. 2010; Mallard et al.
2010; Mulenga et al. 2010; Cohen et al. 2011). Considering this, an
in-depth comparison of findings between these studies was not
possible due to differences in methodology and study design.
However, intra-study comparisons of the frequency of mixed in-
fections have concluded that the analysis of a single sputum
sample, as opposed to multiple samples, decreases the likeli-
hood of detecting mixed infections (Shamputa et al. 2006; Peng
et al. 2013).

Effect of specimen processing

We hypothesize that additional factors that could affect the
detection of mixed-strain infections include delays in trans-
portation, breaks in cold-chain transport and delays in sputum
processing. Furthermore, it is not known whether the decon-
tamination procedure may result in a loss of bacterial popula-
tions. To our knowledge, no research has focused on the impact
of these procedures on detecting mixed strains, and further re-
search is required to corroborate these hypotheses. Findings of
studies on mixed infections are also not directly comparable as
the population structure of mixed infection is strain genotype
and culture medium dependent (Hanekom et al. 2013). More-
over, the clonal composition of cultures from clinical specimens
could be modified by the culture techniques used (Martı́n et al.
2010). Hanekom et al. (2013) used a PCR-based molecular typ-
ing approach to identify strain genotypes in both Löwenstein-
Jensen (LJ) and mycobacterial growth indicator tube (MGIT) cul-
tures. The investigators noted that Beijing and Haarlem strain
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families weremore likely to be associated withmixed infections
and showed a predilection for some culturemedia (BeijingMGIT,
P = 0.02, LJ P <0.01; Haarlem MGIT P < 0.01, LJ P = 0.01). Other
strains investigated included the Latin AmericanMediterranean
(LAM) and S-family genotypes (Hanekom et al. 2013). In addi-
tion, mixed infections were identified in 23 of 206 MGIT cul-
tures and 28 of 206 LJ cultures, indicating that LJ media may be
marginally preferable to liquidmedia in identifyingmixed infec-
tions (Hanekom et al. 2013). In a separate study, the clonal com-
plexity of M. tuberculosis populations from clinical specimens
was investigated by mixing strains in different volumetric pro-
portions before culturingwas performed. UsingMIRU-VNTR typ-
ing, marked changes in the clonal composition were observed,
including strains with different resistance profiles. The authors
concluded that clonal complexity can be lost after culture, there-
fore genotyping techniques should be optimized in such a way
that they can be performed directly on clinical samples (Martı́n
et al. 2010). Four studies included herein were performed di-
rectly on sputum samples of which three used a PCR ampli-
fication method to detect different lineages (Mokrousov et al.
2009; Huang et al. 2010; Mallard et al. 2010; Wang et al. 2011).
PCR methods to detect Beijing and non-Beijing lineages identi-
fied mixed infection frequencies to occur at 3% and 11% (Huang
et al. 2010; Wang et al. 2011) while PCR to detect LAM and Beijing
lineages reported mixed infection frequencies of 2.8% (Mallard
et al. 2010). In the remaining study, 13.7% was identified by 12
locus MIRU-VNTR typing (Mokrousov et al. 2009). Another study
investigated the proportion of mixed infections in both sputum
and liquid culture-positive medium and reported a frequency of
2.1% and 4.6%, respectively (Wang et al. 2011). In a subsequent
study, Wang et al. (2015) further sub-cultured the mixed strains
initially observed and selected 30 clones from the sub-culture for
each mixed infection. The authors reported that after the addi-
tion of a culture step, 8 of 12 (66.7%) strains with mixed infec-
tions had converted into a single genotype (Wang et al. 2015).
Mixed-strain infections involving heteroresistance may also be
missed if sputum samples are collected from a patient who has
started treatment at a time when resistance is being amplified
by first-line therapy (Hingley-Wilson et al. 2013). Pre-treatment
samples may therefore be preferable for studies trying to iden-
tifymixed infections/clonal heteroresistancewithin an infecting
bacterial population.

Techniques used for demonstrating mixed infections

The prevalence ofmixed-strain infections varied between<0.4%
using IS6110 genotyping on colonies from 543 patients in In-
dia (Das et al. 2004), to 15.4% using the same technique on 12
HIV-negative autopsy cases in theWestern Cape (du Plessis et al.
2001). In studies employing MIRU-VNTR typing, mixed infec-
tionswere detected at an average frequency of 5.6% in Shanghai,
China, with re-treatment cases having a higher rate of mixed in-
fections than new TB cases (15.6% versus 4.1%) (Fang et al. 2008).
Compared to these figures, mixed infections were encountered
in 10% of all TB cases in Botswana (Shin et al. 2014). Only one
study used spoligotyping as its primary method of genotyping
and reported mixed infections to occur in 18% of samples an-
alyzed, which is high in comparison to rates reported in other
studies using other molecular methods (Andrews et al. 2008).

Frequencies of certain Mycobacterium tuberculosis
genotypes involved in mixed infections

In the African studies, the incidence of mixed infections var-
ied from 2.3% in diagnostic sputum cultures in patients from

Cape Town, South Africa (Richardson et al. 2002a) to 19% in spu-
tum cultures obtained from other patients suspected of suf-
fering from TB from the same region (Warren et al. 2004). The
highest frequency of mixed infections in sputum samples was
obtained using a novel PCR technique demonstrating that pa-
tients analyzed in the study were simultaneously infected with
a Beijing and non-Beijing M. tuberculosis strains (Warren et al.
2004). These results probably underestimate the frequency of
mixed infections in this population as the PCR was conducted
with primers specific to the Beijing lineage, andmixed infections
may have also been present within the non-Beijing lineages.
However, this method was still superior to spoligotyping, which
identified only 4.5% ofmixed cases in the same population (War-
ren et al. 2004). In another study, a PCR-based approachwas used
to determine the occurrence ofmixed infections in sputum sam-
ples taken from patients in Malawi (Mallard et al. 2010). The in-
vestigators applied two lineage-specific PCR assays to sputum
samples, targeting the LAM and non-LAM genotypes, as LAM
strains are the most common genotypes present in northern
Malawi. This yielded mixed infections in 2.8% of sputum sam-
ples, significantly lower than the 19% mixed infection rates ob-
served in the Cape Town study that investigated the occurrence
of Beijing and non-Beijing strains (Warren et al. 2004; Mallard
et al. 2010). It was proposed that the differences found between
the two studies could be explained by differences in the annual
risk of infection [3% in Cape Town (Kritzinger et al. 2009) versus
1% in the rural Karongo district in Malawi (Crampin, Glynn and
Fine 2009)]. Alternatively, inherent properties such as transmis-
sibility of the Beijing versus LAM genotypes could explain the
discrepancy. In addition, there were differences in the methods
employed in the two studies.

Middelkoop et al. (2014) investigated factors associated with
M. tuberculosis strain success in a high-TB-burdened commu-
nity, with high strain diversity. Using IS6110 RFLP, the au-
thors noted that only 4% of strain types were persistently
successful over a 10-year study period. These were strains
from the W-Beijing family (W451 W724, W181, W330) and
four from the CC-related lineage (CC27, CC61, CC73, CC77),
as well as NG24 and AI265 strains. As host factors exam-
ined, such as age and gender, were not associated with strain
success, it was concluded that pathogen rather than host
characteristics appear to play a greater role in strain success
(Middelkoop et al. 2014).

Effect of disease burden on prevalence of mixed
infections

A high number of incident cases should logically influence the
frequency of mixed infections, as was the case with the in-
creased prevalence of 19% of mixed infections identified in the
Cape Town study by Warren et al. (2004). However, Richardson
et al. (2002a) who conducted their study in the same setting but
found the frequency of mixed infections to be markedly lower,
at 2.3%. This result was similar to the mixed infection rate seen
in Bangladesh (2.1%) and Spain (2.6%). As mentioned previously,
detailed comparisons between these studies are not scientifi-
cally valid due to differences in study design and methodology;
however, the findings do suggest that overall disease burden is
not the only arbiter of strain diversity or mixed infections. Alter-
natively, the differences in methods used in these studies may
have resulted in an underestimate of mixed infections, as stud-
ies that used IS6110-based RFLP as their primary typing tech-
nique tended to report a low incidence of mixed infections, Ta-
bles 1 and 2. In contrast, when used in a congregate setting,
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IS6110-based RFLP on multiple pre-treatment sputum samples
identifiedmixed infections at a frequency of 9% in adult inmates
in a prison TB hospital in Georgia (Shamputa et al. 2006). When
MIRU-VNTR was used as a secondary typing tool, mixed infec-
tions were observed in 13.1% of the patients. The high mixed
infection rates seen in this study occurred in settings of over-
crowding coupled with a high incidence of TB.

Mixed infections in extra-pulmonary sites

While the majority of analyses reported herein was focused
on sputum, the occurrence of mixed infections has also been
demonstrated in extra-pulmonary samples taken from culture-
positive biopsy specimens in two studies, both reporting a fre-
quency of 9% (Cohen et al. 2011; Lieberman et al. 2016). Sam-
pling of different anatomical sites in another study yielded a
frequency of 3.6% (Chaves et al. 1999) while a frequency of 6%
was recorded in another study where both extra-pulmonary
and pulmonary specimens were collected (de Viedma et al.
2003). In an autopsy study, using lung and extra-pulmonary
samples, a mixed infection frequency of 15.4% was reported
(du Plessis et al. 2001). The highest frequency of mixed infec-
tions involving extra-pulmonary samples was reported by Ssen-
gooba et al. (2015) who found that 51% of HIV-infected indi-
viduals with CD4 counts > 200 cells/mm3 displayed discordant
M. tuberculosis genotypes between isolates from blood and spu-
tum samples, respectively, providing evidence of substantive
mixed infection frequencies in different body compartments
(Ssengooba et al. 2015). In agreement with this, genomic anal-
ysis of postmortem lung and extra-pulmonary biopsies from
44 HIV-positive patients in KwaZulu-Natal reported that M. tu-
berculosis sub-lineages, including mixed infections, were dis-
tributed differentially throughout the lung, pointing towards
temporary barriers to pathogen migration in the lung (Lieber-
man et al. 2016). In addition, multiple genotypes were identi-
fied between M. tuberculosis organisms in the lungs and extra-
pulmonary sites, which may have occurred through a single
transmission event involving multiple genotypes or by means
of super-infection episodes (Lieberman et al. 2016). The genomic
diversity identified by the occurrence of mixed-strain infections
as well diversified sub-lineages provide an interesting record
of evolution and dissemination across the body in HIV-infected
individuals.

RECURRENT TB DISEASE

A select few studies analyzed here investigated whether mixed
infections were more likely to occur during a primary versus a
recurrent disease episode. From these, the frequency of mixed
infectionswere reported as being higher in the recurrent disease
episode in seven out of 13 studies, although most of these stud-
ies found this difference not to be significant (Warren et al. 2004;
Fang et al. 2008; Huang et al. 2010; Wang et al. 2011, 2015; Shin
et al. 2014; Pang et al. 2015). The six remaining studies reported
lower frequencies of mixed infections in the recurrent episode,
Tables 1 and 2. However, in three of these studies, less than 20%
of the patients analyzed were recurrent cases, making it difficult
to draw any definitive conclusions on the likelihood of previous
TB exposure being a risk factor for mixed-strain infections.

A review of earlier studies yielded little consensus regard-
ing the proportions of recurrent disease due to relapse and re-
infection (Lambert et al. 2003). Although re-infection is most
likely to occur in geographical locations where the incidence
of TB disease is high (Romeyn 1970; Vynnycky and Fine 1997;

Godfrey-Faussett et al. 2000; Richardson et al. 2002b; Middelkoop
et al. 2015), studies performed in low- tomoderate-incidence set-
tings have also reported high rates of re-infection (Caminero
et al. 2001). A poor association between re-infection and re-
current TB disease in high-burden settings has also been re-
ported, suggesting that a consistent trend in this regard is lack-
ing (Shamputa et al. 2007; Luzze et al. 2013). Annual rates of
relapse versus re-infection in patients with recurrent disease
in Cape Town, South Africa, indicate that relapse generally oc-
curred within a year following treatment, while re-infection, re-
sponsible for at least half of all cases of recurrent disease in
this study, predominated after the first year following treatment
(Marx et al. 2014; Guerra-Assunção et al. 2015). Hence, it is dif-
ficult to make direct comparisons between studies where the
length of follow-up after treatment differs. Co-infection with
HIV and antiretroviral treatment has been shown to be associ-
ated with increased risk for recurrent disease due to re-infection
as opposed to relapse (Godfrey-Faussett et al. 1994; Sonnenberg
et al. 2001; Middelkoop et al. 2012, 2015; Guerra-Assunção et al.
2015). It was also demonstrated that there is a 2.4 times higher
hazard ratio for recurrent disease in HIV-1-positive individu-
als, compared to HIV-1-negative counterparts (Sonnenberg et al.
2001). The risk of re-infection has also been linked to previ-
ous TB infection, where disease attributable to re-infection af-
ter successful treatment completion was four times higher than
that attributable to new TB disease (Verver et al. 2005). A ma-
jor limitation of this study is that the HIV status of most pa-
tients was unknown; however, the authors concluded that re-
infections observed could not be explained by HIV status alone,
as theHIV prevalence in this study groupwas relatively low (1.2%
to 5.2% in antenatal clinics and 11% amongst newly diagnosed
TB patients). These findings suggest that a subset of individuals
within a populationmay be predisposed to TB disease, with pre-
vious TB exposure itself being a risk factor for recurrent disease.
We hypothesize that mixed infection prevalence will be higher
in these individuals.

INTERPRETATION AND RECOMMENDATIONS

Interruption of TB transmission is pivotal to eliminating this
disease from human society (Pai et al. 2016). The science sur-
rounding transmission of the tubercle bacillus is an evolving dis-
cipline and much work is still needed to elucidate the biophys-
ical, environmental, genetic and immunologic determinants in
those individuals that transmit disease and those that get in-
fected. We propose that the analysis of mixed infection rates
provides an interesting and useful proxy for the level of trans-
mission in communities within TB-endemic regions. However,
retrospective analyses of studies conducted in various settings
to assess this are difficult due to numerous factors which in-
clude differences in study design, sample processing, bacterial
culture and molecular typing tool employed. Although molec-
ular approaches for identifying mixed-strain TB infections are
limited in their sensitivity, studies relying on sputum samples
alone have reported that up to 19% of individuals are infected
with more than one Mycobacterium tuberculosis strain. Further-
more, studies utilizing a combination of both pulmonary and
extra-pulmonary samples have reported mixed infections to oc-
cur at a frequency of up to 51%. As these results are likely to
be a conservative estimate, this suggests that mixed-strain in-
fections occur at reasonably high frequencies. Whether this is
a result of high transmission rates in endemic settings remains
unclear asmixed infection rates seems similar in high- and low-
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burden settings, based on the studies analyzed herein. Various
factors need to be considered when assessing the prevalence or
risk of mixed infections. These are detailed below.

What is the role of HIV?

From our collective analysis, factors associated with mixed-
strain infection among HIV-infected patients include prior TB
treatment [adjusted prevalence ratio, 2.11] and CD4+ T-cell
count < 100 cells/μl (adjusted prevalence ratio, 10.18), sug-
gesting that patients with advanced immune suppression are
at increased risk of contracting a mixed-strain infection (Shin
et al. 2014). Consistent with this, a study in Uganda on 113
smear and culture-positive patients established that mixed in-
fections are more likely to occur in HIV-seropositive individ-
uals, 37.5% versus 12.6% in HIV-positive versus HIV-negative
patients with TB, respectively (Dickman et al. 2010). These re-
sults may still underestimate the proportion of mixed infec-
tions as TB/HIV co-infection often results in disseminated/extra-
pulmonary disease, therefore reducing the chances of detect-
ing mixed infections from pulmonary specimens alone, which
may be paucibacillary in nature (de Viedma et al. 2003; Dick-
man et al. 2010). Various studies have now shown that multi-
ple genotypes can be detected by sampling from both respira-
tory and extra-pulmonary sites in HIV-positive individuals, illus-
trating the presence of migration routes within and between or-
gans. To our knowledge, no studies have investigated this sam-
pling strategy in HIV-negative individuals. Despite the demon-
strated increased risk of mixed infections in HIV-infected indi-
viduals, we found no substantive differences in mixed infection
incidence when collectively comparing studies within Africa, an
HIV-endemic region, and the rest of the world. This could re-
flect the lack of studies in the correct populations or the above-
mentioned limitations in our comparative analysis.

How do mixed infections affect disease/treatment
outcome?

The presence of mixed-strain infections involving heteroresis-
tance results in poor treatment outcome (Theisen et al. 1995;
Niemann et al. 2000; Baldeviano-Vidalon et al. 2005; van Rie et al.
2005; Kamakoli et al. 2017). For this reason, patients with various
forms of drug-resistant TB may require a combination of first-
and second-line antibiotics to target both drug-sensitive and -
resistant organisms, respectively (Post et al. 2004; van Rie et al.
2005). Diagnostically, if only the sensitive strain is cultured from
a mixed-strain infection, the administration of a drug-sensitive
regimen will result in the selection of the resistant strain. This
highlights the importance of early detection of mixed-strain in-
fections with different resistance profiles to tailor the treatment
regimen accordingly.

Mixed infections and the immune response

It has been demonstrated that different M. tuberculosis strains
elicit distinct immune responses in the lung, ultimately lead-
ing to differences in disease pathology and mortality (Post et al.
2004). Consistent with this, immune protection conferred by
one M. tuberculosis strain may differ when compared to dis-
tantly related strains due to differences in antigenic prop-
erties. Indeed, studies assessing the effectiveness of Bacille
Calmette-Guerin (BCG) have varied worldwide and are possi-
bly complicated by the heterogeneity in M. tuberculosis strains
circulating within vaccinated communities (Fine 1995). Direct

intra-tracheal injection of BALB/c mice indicated that BCG
vaccination was less effective against infection with Beijing
strains when compared to H37Rv (Lopez et al. 2003). Further-
more, infection with Beijing strains was characterized by ex-
cessive pneumonia, early but short-lived tumor necrosis factor-
α (TNF-α) and nitric oxide synthetase (INOS) expression and
an increase in mortality, while infection with M. canetti re-
sulted in limited pneumonia, sustained TNF-α and INOS ex-
pression in the lung, with 100% survival (Lopez et al. 2003).
This indicates that different M. tuberculosis strains elicit varying
immune-pathological events. In this regard, the simultaneous
interaction between multiple strains and the host immune sys-
tem in a mixed infection scenario remains to be explored. In ad-
dition, it is not knownwhether all resident strains in an infected
individual are transmitted simultaneously orwhether one strain
is more transmissible than the other. These remain as critical
knowledge gaps that limit the development of novel interven-
tions to reduce transmission.

Phenotypic heterogeneity

An important aspect of sputum microbiology, for which there
has been growing appreciation, is the failure to detect non-
replicating organisms that could influence the probability of di-
agnosing mixed-strain infections (Dartois et al. 2016). It is pre-
dicted that a sub-population of organismswithstands treatment
and can enter into a drug-tolerant, quiescent state (Kell and
Young 2000). Consistent with this, M. tuberculosis grown under
hypoxic conditions is able to enter into a drug-tolerant, non-
replicating state and accumulate lipid inclusion bodies (Garton
et al. 2008). Bacteria with a similar physiology have been iso-
lated directly from patient sputum, suggesting that these cells
reflect those studied in vitro (Garton et al. 2008). Subsequentwork
has also demonstrated that pre-treatment sputum samples are
dominated by a DCTB population that can only be grown in liq-
uid media (Mukamolova et al. 2010; Chengalroyen et al. 2016; Lo-
raine et al. 2016). Considering this, we hypothesize that it is pos-
sible that specific strains of M. tuberculosis adopt this differen-
tially culturable state, and thus are not identifiable by routine
culture. Currently, there is no data to corroborate this, but the
upregulation of the DosR regulon in W-Beijing strains, and con-
comitant accumulation of triacylglycerides, suggests that this
family of strains may have a greater propensity to adopt these
differential growth states (Reed et al. 2007). Hence, the associ-
ation of Beijing lineage 2 strains with relapse (Lan et al. 2003;
Bryant et al. 2013) may be linked to a proportion of this strain
assuming a differentially culturable state, thereby providing the
organism with an adaptive advantage against immune assault
and drug treatment. Furthermore, the occurrence of DCTB could
result in an underestimation ofmixed infections as some strains
may not emerge on solid media.

Limitations in molecular typing tools

Current molecular methods do not provide adequate informa-
tion on themechanism of transmission and order in which each
individual infection was acquired, for the latter continuous and
very expensive molecular surveillance would be required. This
information would be invaluable in the interpretation of epi-
demiological data. For example, in a scenario where re-infection
resulted in the re-activation of an underlying strain, IS6110may
only identify the secondary strain which could be interpreted as
the strain causing the original infection and result in inaccurate
identification of the source of infection in contact tracing. High
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rates ofmixed infections in a recurrent disease episode highlight
the importance of re-infection in disease transmission, which
has previously been questioned (Stead 1967). These limitations
call for wider use of high-resolution techniques such as WGS.

Diagnosing mixed infections

In high-burden settings, where the majority of TB disease is
likely (but not necessarily) due to re-infection /recent infec-
tion, TB control strategies will be highly reliant on the early
identification and early treatment of infectious individuals to
prevent transmission of both drug-susceptible and -resistant
strains within the community. High rates of disease recurrences
due to re-infection pose a serious problem to vulnerable popu-
lations, such as HIV-infected mining communities where post-
treatment prophylaxis was proposed as an important public
health strategy (Sonnenberg et al. 2001). Exogenous re-infection
has also been implicated in the acquisition of drug resistance in
patients (Andrews et al. 2008). Several studies in South Africa in-
vestigating extremely drug-resistant (XDR)-TB have been associ-
ated with primary transmission (Ghandi et al. 2006; Klopper et al.
2013). These cases have been attributed to ‘super spreaders’—a
small percentage of infected individuals who have the propen-
sity to transmit TB disease as identified by a cough aerosol sam-
pling system (Jones-López et al. 2013). The long-term treatment
outcome in patients with XDR-TB is very poor, and the growing
infectious pool of drug-resistant TB disease is of major concern
as it threatens global TB control efforts (Dheda et al. 2010).Where
drug resistance is often the result of primary transmission of re-
sistant strains, the rapid identification and treatment of patients
harboring these strains should be a high priority. Furthermore, if
mutations are more likely to emerge from certain strains associ-
ated with re-infection, strain differentiation may need to be in-
cluded in the diagnostic process for early identification and the
development of tailored treatment regimens. With regard to im-
plementation, while the addition of strain typing to current di-
agnostic algorithms in high-income, low-burden nations would
seem plausible, the introduction of this technology in develop-
ing nations with a high disease burden would be unrealistic due
to the high costs and the laboratory expertise required. These
challenges highlight the need for the development of simpler
and more affordable technologies for the characterization of TB
strains (e.g. point-of-care multiplex tool to differentiate strain
type). Successful interventions to decrease transmission will re-
duce the levels of recurrent TB disease (due to re-infection) as
well as reduce the opportunities for mixed-strain TB infection.

CONCLUDING REMARKS

Molecular fingerprinting techniques have allowed for the dif-
ferentiation of recurrent TB disease into relapse versus re-
infection, as well as the identification of TB infection with mul-
tiple strains. The development of improved techniques for the
identification of relapse, re-infection and mixed infections has
important implications for the understanding of TB epidemi-
ology and the implementation of related technologies in TB-
control programs, patientmanagement and outcome analysis of
clinical trials. Ongoing research using WGS to provide more de-
tailed insight into these phenomena is imperative to design ef-
fective transmission intervention strategies. However, a limita-
tion with the substantive research effort in these areas over the
last two decades is the lack of a common sample collection and
processing protocol for specimens to allow for a direct compari-
son of mixed infections and recurrent disease in geographically

distinct settings with varying burdens of disease. Such studies
should take high priority on the global TB research agenda.
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