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Background. The projected long-term prevalence of multidrug-resistant (MDR) tuberculosis depends upon the relative ﬁtness
of MDR Mycobacterium tuberculosis strains, compared with non-MDR strains. While many experimental models have tested the in
vitro or in vivo ﬁtness costs of various drug resistance mutations, fewer epidemiologic studies have attempted to validate these experimental ﬁndings.
Methods. We performed a case-control study comparing drug resistance–associated mutations from MDR M. tuberculosis
strains causing multiple cases in a household to matched MDR strains without evidence of secondary household cases.
Results. Eighty-eight multiple-case and 88 single-case household MDR strains were analyzed for 10 speciﬁc drug resistance–
associated polymorphisms previously associated with ﬁtness effects. We found that the isoniazid-resistant katG Ser315Thr mutation
occurred more than twice as frequently in multiple-case households than in single-case households (odds ratio [OR], 2.39; 95% conﬁdence interval [CI], 1.21–4.70), corroborating previous experimental ﬁndings. However, strains carrying both the katG Ser315Thr
mutation and the rpsL Lys43Arg mutation were less likely to be found in multiple-case households (OR, 0.09; 95% CI, .01–.73),
suggesting a negative epistatic interaction which contrasts previous ﬁndings.
Conclusions. The case-control design presents a useful approach for assessing in vivo ﬁtness effects of drug resistance mutations.
Keywords. MDR M. tuberculosis; antibiotic resistance; ﬁtness cost; transmission; case-control study; molecular epidemiology;
katG; rpsL; epistasis; Lima, Peru.

Highly drug-resistant strains of Mycobacterium tuberculosis are
a major obstacle to halting further spread of tuberculosis in
many settings. Recent estimates produced by the World Health
Organization report approximately 450 000 ( possible range,
300 000–600 000) incident cases of multidrug-resistant (MDR)
M. tuberculosis (deﬁned as a strain with resistance to at least isoniazid and rifampicin) in 2012 [1]. While containing MDR
tuberculosis is already a well-recognized problem in settings
where drug-resistant tuberculosis constitutes a substantial fraction of tuberculosis cases or where there is a large absolute burden of MDR tuberculosis, the threat that these highly resistant
strains of M. tuberculosis pose to global containment depends
critically on the evolutionary ﬁtness of these bacteria [2, 3].
Mutational events that result in antibiotic resistance are often
associated with ﬁtness costs [4–10]. While early studies of in
vitro–generated resistance suggested that mutations associated

Received 3 March 2015; accepted 15 June 2015; published online 19 June 2015.
Correspondence: P. P. Salvatore, Department of Molecular Microbiology and Immunology,
Johns Hopkins Bloomberg School of Public Health, 615 N Wolfe St, Baltimore, MD 21205
( psalvat1@jhu.edu).
The Journal of Infectious Diseases® 2016;213:149–55
© The Author 2015. Published by Oxford University Press for the Infectious Diseases Society
of America. All rights reserved. For permissions, e-mail journals.permissions@oup.com.
DOI: 10.1093/infdis/jiv347

with M. tuberculosis resistance impaired bacterial growth rates
or virulence [4, 9, 11, 12], more recent evidence reveals that mutations observed among clinical drug-resistant M. tuberculosis
strains differ from those among these laboratory-derived resistant mutants [13], often are not associated with a reduction in
growth rate [7, 14], and often are equally as transmissible as their
drug-susceptible counterparts [15, 16]. The absence of substantial deﬁcits associated with these drug-resistant mutants may either reﬂect low-cost resistance-conferring mutations [17, 18] or
higher-cost resistance-conferring mutations that occurred in socalled preadapted genetic backgrounds [7, 15] or that were later
compensated by additional mutations [19, 20].
Evolutionary ﬁtness, however, is a complex trait that requires
the successful transmission of MDR M. tuberculosis to a secondary host in whom it establishes infection, replicates, and is
subsequently transmitted [21, 22]. While laboratory assays performed with the intention of evaluating ﬁtness provide invaluable controlled and reproducible data, ﬁndings from in vitro
approaches may not always correlate with evolutionary ﬁtness
[23, 24] or epidemiological ﬁtness (ie, transmissibility). Conversely, epidemiological ﬁtness is typically investigated using
cluster-based analysis, in which researchers evaluate the genetic
similarities of sample isolates to identify potential clusters
of transmission. In this study, we use a novel case-control
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approach to investigate the association between mutations in 9
genes implicated in drug resistance and the probability of an
MDR M. tuberculosis strain being transmitted and generating
secondary cases within households in Lima, Peru.
METHODS
Study Population

The present analysis describes a study nested in a previously described cohort of patients with MDR M. tuberculosis and their
household contacts in Lima [25–28]. Brieﬂy, between 1996 and
2003, index patients with a diagnosis of active MDR tuberculosis in metropolitan Lima began treatment regimens tailored to
their speciﬁc MDR tuberculosis proﬁles. At the start of each
index patient’s individualized treatment regimen, a record of
each patient’s household contacts was compiled and, along
with specimen samples and medical histories, stored for future
reference [27, 28]. Beginning in 2004, study personnel identiﬁed
household contacts of these index patients with MDR tuberculosis who had subsequently received a diagnosis of active tuberculosis [25].
We used 24-loci mycobacterial interspersed repetitive units–
variable number of tandem repeats (MIRU-VNTR) analysis
and spoligotyping to distinguish households in which the
index patient may have transmitted M. tuberculosis to a household contact from households in which patients were infected
by separate sources [26].
We used a matched case-control design in which cases were
deﬁned as strains likely to have been successfully transmitted
and caused secondary disease within households and controls
were deﬁned as strains for which we had no evidence of secondary cases within households. Deﬁnitions of case strains and
control strains and our matching criteria, which attempt to control for levels of resistance and opportunities for within-home
transmission, are detailed below. This study was approved by
the Committee on Human Studies of the Ofﬁce of Research
Subject Protection of Harvard Medical School.
Deﬁnitions of Case Strains and Eligible Control Strains

Case strains were MDR M. tuberculosis strains for which we had
evidence of multiple within-household infections. We deﬁned
such a strain as one collected from an index patient that had
a matching 24-loci MIRU and spoligotype pattern (see the Supplementary Methods for detailed genotyping methods) to an
MDR strain subsequently obtained from at least 1 household
contact [26]. Only strains collected from patients who received
a diagnosis of prevalent or incident MDR tuberculosis between
9 September 1996 and 9 September 2003 that had also been
tested for the extensive drug resistance phenotype were included
in our study. Eighty-nine bacterial isolates met the above inclusion criteria for cases.
Eligible control strains were MDR M. tuberculosis strains for
which we did not have any evidence of secondary within150
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household infections. For the purposes of this study, eligible
control strains included all MDR strains from index patients
for which we did not have a genotypically matching secondary
case of MDR tuberculosis from within the same household.
Genotyping was only performed for strains from households
with at least 2 MDR tuberculosis diagnoses. Strains from
index patients in households without any secondary MDR tuberculosis cases and from patients in households with ≥2 genetically distinct MDR M. tuberculosis strains were eligible to be
selected as controls. As described above, only strains collected
from patients who received a diagnosis of MDR tuberculosis between 1996 and 2003 that had been tested for the extensive drug
resistance phenotype were eligible for inclusion. Four hundred
and ninety bacterial isolates met the above inclusion criteria for
eligible controls.
Selection of Control Strains

We conducted a matched case-control study in which a subset
of eligible control strains was matched to cases, to examine the
impact of particular resistance-conferring mutations on the
generation of secondary cases. In an attempt to isolate the effects of these resistance mutations on successful transmission,
we controlled for major factors likely to correlate with transmission potential in our matching procedure. These matching
criteria included (1) the number of antibiotics (within 1) to
which the index patient’s infecting strain was resistant of 10
tested, (2) the number (within 2 persons) of household contacts
of the index patient who were aged >14 years at the time of initiation of the MDR tuberculosis regimen by the index patient,
and (3) a similar follow-up time (within 6 months), deﬁned
as the interval between initiation of a specialized MDR tuberculosis treatment regimen by the index patient and the date of the
ﬁrst household survey conducted (Figure 1). Follow-up time
was deﬁned to exclude the potential period of infectiousness before initiation of the MDR tuberculosis regimen for 2 reasons:
index patients were not yet identiﬁed as having MDR tuberculosis during this period, and evaluation of household contacts
was less rigorous during this period, suggesting a higher potential for the differential misclassiﬁcation of cases as controls. The
process for matching cases and controls is represented diagrammatically in Figure 1.
Laboratory Methods

We performed drug-susceptibility testing, genotyping by
MIRU-VNTR, spoligotyping, and DNA sequencing of 9 genes
implicated in drug resistance (katG, the inhA-fabG1 locus, the
ahpC promoter, rpoB, gyrA, rrs, rpsL, embB, and pncA) at the
Supranational Reference Laboratory at the University of Massachusetts Medical School (Supplementary Methods).
Identiﬁcation of Resistant Polymorphisms Previously Associated With
Fitness Effects

To identify previously reported associations between resistance
polymorphisms and evolutionary ﬁtness costs, we performed a

Figure 1. Methods for the selection of cases and controls. Cases were strains of multidrug-resistant (MDR) Mycobacterium tuberculosis that successfully infected (and
produced disease in) a secondary patient in the same household as the index patient following the index patient’s initiation of a tailored MDR tuberculosis treatment regimen.
Controls were strains of MDR M. tuberculosis that were not successfully transmitted to any known household contact of the index patient during follow-up. To ensure that cases
and controls had similar opportunities to be transmitted, matches were formed, using 3 criteria: (1) the number of antibiotics (±1), of 10 tested (capreomycin, ciprofloxacin [or
levofloxacin], cycloserine, ethambutol, ethionamide, isoniazid, kanamycin, rifampicin, streptomycin, and pyrazinamide), to which the index patient’s infection was resistant;
(2) the number of household contacts (±2) of the index patient who were older than 14 years at the time of initiation of the MDR tuberculosis regimen by the index patient;
(3) follow-up time (±6 months), defined as days elapsed between initiation of a specialized MDR tuberculosis treatment regimen by the index patient and the date of the first
household survey conducted. See “Methods” and “Results” sections for further details on the matching procedure. Abbreviations: EMB, ethambutol; INH, isoniazid; PZA,
pyrazinamide; RMP, rifampin.

systematic search of the literature. We used the PubMed.gov database and included the following terms: “mycobacterium” or
“tuberculosis”, “resistance”, “mutation” or “polymorphism”,
“ﬁtness” or “compensatory” or “biological cost”, and any of
the 9 genes under investigation in the present study (“ahpC”
or “embB” or “gyrA” or “katG” or “inhA” or “fabG1” or
“pncA” or “rpoB” or “rpsL” or “rrs”). To be included, each article must have explicitly reported a measure of mycobacterial
survival, growth, or transmission due to a speciﬁed polymorphism relative to wild-type or another relevant negative control
in the absence of the relevant antibiotic.
Statistical Analysis

We used 2 statistical strategies in this investigation. First, a priori hypotheses were generated to describe the relationships between known resistance polymorphisms and transmission
ﬁtness (identiﬁed in the literature search described above). A
conditional logistic regression model was ﬁtted to account for
matching and included a dichotomous parameter for each mutation identiﬁed. Backward elimination was used to iteratively
remove the least signiﬁcant term in each model until all remaining parameters had P < .05.
Second, to investigate individual polymorphisms or epistatic
interactions not previously associated with bacterial ﬁtness or
transmission, we performed a separate data-mining procedure

(Supplementary Methods). Serial hypothesis corrections [29]
were conducted in R, version 3.0.3 (R Foundation for Statistical
Computing, Vienna, Austria).
Household demographic and epidemiologic characteristics
were entered and stored in SAS, version 9.1 (SAS, Cary,
North Carolina), while analysis of gene sequence data was performed in Stata SE, version 12.0 (StataCorp, College Station,
Texas).
RESULTS
Characteristics of Case Strains and Matched Control Strains

On average, eligible case strains were detected in households
with longer follow-up times and with more contacts than eligible control strains (Table 1). Controls were selected randomly
from eligible strains and were matched to cases on the basis
of factors described in “Methods” section. We were not able
to ﬁnd a suitable match for 1 case, leaving 88 cases and 88
matched controls. Characteristics of cases and controls before
and after matching are presented in Table 1. Since it is not possible to observe the onset of infectiousness, ﬁnding proxies for
the duration of infectiousness is challenging. In addition to controlling for potentially differential opportunities to generate secondary cases during follow-up by matching, we also calculated
the time between the ﬁrst recorded tuberculosis diagnosis and
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Table 1.

Matching Characteristics of Cases and Controls
Eligible
Cases
(n = 89)

Eligible
Controls
(n = 490)

Matched
Cases
(n = 88)

Matched
Controls
(n = 88)

Follow-up time, d

1492 ± 543

1399 ± 467

1473 ± 517

1476 ± 517

Adults per
household, no.

5.3 ± 2.4

4.3 ± 2.5

5.2 ± 2.3

5.1 ± 2.4

Resistance
phenotypes, no.a

5.0 ± 1.4

4.9 ± 1.6

5.0 ± 1.4

5.0 ± 1.4

Characteristic

Data are mean ± SD.
a

Ten antibiotics tested for phenotypic drug resistance: capreomycin, ciprofloxacin (or
levofloxacin), cycloserine, ethambutol, ethionamide, isoniazid, kanamycin, rifampicin,
streptomycin, and pyrazinamide.

the beginning of follow-up for MDR tuberculosis (during which
index patients may have been intermittently infectious). We
found that patients contributing case strains received their initial diagnosis of tuberculosis a median of 892 days (95% conﬁdence interval [CI], 765–974) before the diagnosis of MDR
tuberculosis, while patients contributing control strains received
their initial diagnosis a median of 1420 days (95% CI, 1015–
1739) before the diagnosis of MDR tuberculosis. This suggests
that the cumulative infectious period of case strains may have
been shorter than that for control strains, which implies that
our analysis may be conservative: case strains should not have
had an unbalanced opportunity to generate secondary cases.

Table 2. Index Patient and Household Characteristics of Cases and
Matched Controls

Characteristic

Cases
(n = 88a)

Controls
(n = 88a)

Index patient age, y

29.1 (88)

32.2 (88)

Bedrooms per household, no.

3.2 (82)

3.4 (78)

Previous treatment regimens, no.

2.9 (88)

3.0 (87)

40.9 (88)

40.9 (88)

2.3 (88)

0.00 (88)

Index patient was female
Index patient infected with HIV
Index patient had history of substance abuse

4.9 (61)

7.3 (55)

Index patient had pulmonary tuberculosis

100 (88)

100 (88)

Index patient had cavitary lesions

75.0 (88)

63.6 (88)

Select resistance phenotypeb
RIF + INH only

5.7 (87)

2.3 (87)

RIF + INH + EMB

83.8 (87)

85.1 (87)

RIF + INH + PZA

67.9 (81)

65.1 (83)

RIF + INH + STR

71.3 (87)

72.4 (87)

RIF + INH + EMB + PZA

58.0 (81)

57.8 (83)

RIF + INH + EMB + STR

63.2 (87)

63.2 (87)

Descriptive characteristics of index patients and households
from which cases and controls were sampled are presented in
Table 2, and drug-susceptibility characteristics are presented
in Supplementary Figure 1. Data on the genetic diversity and
allele frequencies of the 176 samples are presented in the Supplementary Results and Supplementary Tables 1–9, respectively.
Genotyping results and lineage assignments are reported in
Supplementary Tables 10–11.
Literature Search Results: Previously Identiﬁed Resistance-Conferring
Mutations

To establish hypotheses to describe previously reported associations between resistance polymorphisms and evolutionary ﬁtness costs, a systematic literature search was performed. Our
search parameters returned 31 research articles (see the Supplementary Results for detailed results and annotations). One article, published only in Chinese, 2 articles reporting ﬁtness costs
in Salmonella, and a symposium chapter unavailable electronically were disregarded.
Of the 27 remaining articles, only 6 described epidemiological
or phylogenetic investigations (none of which were case-control
studies), while the remainder described in vitro or in vivo experimentation. Five studies did not test or sufﬁciently report speciﬁc
resistance-associated polymorphisms, 9 did not report a comparison with a suitable negative control, and 6 did not test for ﬁtness
in the absence of drug or did not test a phenotype related to survival, growth, or transmission. Our criteria for inclusion were satisﬁed by 10 studies, with 8 presenting data on 10 statistically
signiﬁcant low-cost or no-cost resistance polymorphisms.
These 10 polymorphisms consisted of the inhA promoter mutation −15;c-t; the katG mutations Ser315Thr, Ala139Val, and
Gly300Trp; the rrs mutations A1408G, T1406A, G1491T, and
C1409T; the rpoB mutation Ser531Leu; and the interaction allele
of both katG Ser315Thr and the rpsL mutation Lys43Arg.
Fitness Effects of Previously Identiﬁed Resistance-Conferring Mutations

The results of the conditional logistic regression model for the
10 mutations identiﬁed a priori are summarized in Table 3. In

Table 3.
Terms

Conditional Logistic Regression (CLR) Results for Significant

Reference(s)

Gene(s)

Allele

OR (95% CI)a

P Valuesa

[15, 18]

katG

Ser315Thr

2.39 (1.21–4.70)

.012

[30]

katG + rpsL

Interactionb

0.09 (.01–.73)

.025

Abbreviation: HIV, human immunodeficiency virus.

The initial model included 10 terms, one for each of the alleles identified through the
literature search: the inhA promoter mutation −15;c-t; the katG mutations Ser315Thr,
Ala139Val, and Gly300Trp; the rrs mutations A1408G, T1406A, G1491T, and C1409T; the
rpoB mutation Ser531Leu; and the interaction allele of katG Ser315Thr and the rpsL allele
Lys43Arg. An eleventh term for the rpsL Lys43Arg mutation in the absence of katG315
was also included. The results above are shown for significant terms after backward
elimination.

a

Abbreviations: CI, confidence interval; OR, odds ratio.

RIF + INH + PZA + STR

53.1 (81)

45.8 (83)

RIF + INH + EMB + PZA + STR

46.9 (81)

42.2 (83)

Data are mean value or % (no.) of strains.
No. may be <88 because of missing data.

b

Select phenotypes presented here include rifampicin (RIF), isoniazid (INH), ethambutol
(EMB), pyrazinamide (PZA), and streptomycin (STR). Data on all tested drugs are
presented in Supplementary Figure 1.
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a
Data were calculated from conditional likelihood ratio model parameters (ie, the exact
conditional scores test).
b

Defined as the concurrent presence of both katG Ser315Thr and rpsL Lys43Arg.

Table 4.

rpsL Lys43Arg
Variable

the 2 alleles. We cannot exclude the possibility that the overall
detrimental effect of rpsL43 is largely due to negative epistasis
with the katG315 allele.

Distribution of Significant Alleles Amongst Matched Pairs

+Control

−Control

rpsL + katG
Interactiona

katG Ser315Thr
+Control

−Control

+Control

−Control

+Case

0

3

40

28

0

1

−Case

12

72

14

5

8

78

Each cell represents a unique type of case-control pair with regard to a given allele of interest.
In concordant pairs (+case/+control or −case/−control), both members possess the same
genotype at the allele; in discordant pairs (+case/−control or −case/+control), only 1
member possesses the allele.
a

Defined as the concurrent presence of both katG Ser315Thr and rpsL Lys43Arg.

the ﬁnal iteration, only 2 parameters remained statistically signiﬁcant: the Ser315Thr mutation in katG and the combination
of katG Ser315Thr and the rpsL mutation Lys43Arg. The distributions of these mutations among matched pairs are detailed in
Table 4. In the absence of prior information, this study was not
sufﬁciently powered to identify additional alleles signiﬁcantly
associated with the generation of secondary cases after correcting for multiple testing (see the Supplementary Results for
details).
The katG315 mutation was widely prevalent in strains sequenced in this study, occurring in 78% of cases and 62% of
controls. After accounting for matching, we found that strains
harboring Ser315Thr had more than twice the odds of generating a secondary case as strains without the mutation (odds ratio
[OR], 2.39; 95% CI, 1.21–4.70).
Strains carrying both the katG315 allele and the rpsL43 allele
were previously reported to demonstrate shorter lag phase
growth and higher replicative ﬁtness in vitro than their drugsusceptible counterparts [30]. In our data, however, strains carrying both mutations had an odds of generating a secondary
case that was <0.10 times the odds for strains carrying only
one or neither mutation (OR, 0.09; 95% CI, .01–.73).
Interaction Between katG Ser315Thr and rpsL Lys43Arg

Irrespective of genetic background, the rpsL43 mutation was
limited in prevalence among sequenced isolates. This mutation
was found in only 3% of cases and 14% of controls, and in most
matched pairs (83%) neither case nor control had the mutation.
In pairs discordant for the allele, the odds of generating a secondary case for strains with the mutation were 0.25 times the
odds for strains without the mutation (95% CI, .05–.93).
However, a substantial proportion of these mutations occurred together with the widely prevalent katG315 allele.
There were insufﬁcient numbers of the rpsL43 allele in the absence of katG315 to determine whether it has signiﬁcant negative ﬁtness effects in the absence of katG315 (OR, 0.5; 95% CI,
.045–3.49). Conversely, the katG315 allele in the absence of
rpsL43 has further beneﬁcial ﬁtness effects and was substantially
more likely to generate secondary cases (OR, 4.5; 95% CI, 1.82–
13.33). Thus, there appeared to exist negative epistasis between

DISCUSSION

Numerous previous studies have attempted to identify speciﬁc
drug resistance mutations that limit or compensate the reproductive ﬁtness of M. tuberculosis [31–33]. Much of this work
has been experimental in nature, with fewer studies attempting
to corroborate in vitro measurements of ﬁtness with observed
ﬁtness for transmission in human populations [15, 16, 34].
In this analysis, 2 drug resistance–associated alleles were
found to be signiﬁcantly associated with increased or decreased
probabilities of generating secondary cases: the katG Ser315Thr
substitution (increased probability) and the simultaneous combination of katG315 and the rpsL Lys43Arg substitution (decreased probability). The katG315 allele is a well-characterized
low-cost mutation conferring high-level resistance to isoniazid
[18]. The ﬁndings presented here are consistent with experimental data indicating that strains with this mutation grow faster in competitive environments and may be equally virulent in
vivo [18], with a magnitude of effect similar to those calculated
from 2 previous cohort studies [15, 16].
Mutations in the rpsL gene, which codes for the ribosomal
protein S12, have long been known to confer aminoglycoside
resistance on Escherichia coli and Salmonella species and
more recently have been associated with the same mechanism
in M. tuberculosis [35, 36]. The Lys43Arg mutation is unique
among known rpsL mutations, allowing nonrestrictive ribosomal elongation and growth rates comparable to those of wild-type
M. tuberculosis [37]. Nearly all experimental studies to date in
M. tuberculosis and other organisms have indicated that the Lys43Arg substitution is a low-cost resistance mutation that may
compensate in cis for higher-cost rpsL mutations and may be
more virulent in vivo than other aminoglycoside resistance mutations [23, 38–40].
In this and other studies, the Lys43Arg mutation was frequently associated with the katG315 allele mentioned above
[30]. When considering the co-occurrence of resistance mutations, genetic epistasis may be observed. Epistasis occurs when
the phenotypic impact (eg, ﬁtness) of 2 polymorphisms in
combination is greater than or less than those of the expected
effects of the individual polymorphisms [41]; that is, when allele
phenotypes interact in a nonadditive fashion [42]. Examples
of epistasis between resistance mutations have been wellcharacterized experimentally in E. coli and Pseudomonas
aeruginosa [43, 44]. So-called sign epistasis is the special case
of epistasis in which the direction of the phenotypic effect of
an allele changes conditionally on the basis of the presence of
another polymorphism [45].
In the present analysis, strains harboring both mutations
were signiﬁcantly less likely to generate secondary cases, despite
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the beneﬁcial effect of katG315 on its own. These represent the
ﬁrst ever data indicating that the Lys43Arg mutation may confer
ﬁtness and transmissibility costs to drug-resistant bacteria. In
the absence of the katG315 allele, strains carrying rpsL43 were
somewhat less likely to generate secondary cases, although these
data were not powered to detect a statistically signiﬁcant association. Our ﬁndings suggest that katG315 and rpsL43 do not interact in an additive compensatory relationship but rather that
katG315 exhibits sign epistasis when present in combination.
The surprising nature of this ﬁnding warrants a cautious
interpretation, in light of existing in vitro and in vivo evidence
indicating the low-cost nature of the Lys43Arg mutation. Simultaneously, these ﬁndings underscore the importance of considering epistasis between alleles conferring resistance to different
drugs.
Several explanations may account for the observed disparities
between experimental and epidemiological data on the ﬁtness
costs of rpsL mutations, one of which concerns study design
and inference. Evolutionary ﬁtness has many dimensions, of
which transmissibility is one [21, 22]. By design, this study
was structured to only identify associations between bacterial
genetics of highly resistant strains of M. tuberculosis and within-household transmission in a speciﬁc high-incidence setting
in Peru [25–28].
To our knowledge, this study represents one of the ﬁrst attempts to investigate the association between speciﬁc resistance
mutations and the transmission potential of an infectious agent
by using a case-control design. Prior studies have attempted to
address this subject through more-traditional genetic cluster
analysis [15, 34, 46]. Although useful, such studies may be unwieldy (requiring thousands of clinical isolates in low-incidence
MDR tuberculosis settings), require robust population surveillance for several years [47], and may be prone to cluster misclassiﬁcation or biases of incomplete sampling [48, 49]. Rather than
disentangling the OR of a mutation appearing in genetically
linked clusters, the case-control method allows direct calculation of the OR of transmission of a mutation by use of relatively
few clinical isolates in high-incidence settings where surveillance systems may be unreliable. However, one critical caveat
is that this design assumes that all secondary infections within
a household are identiﬁed and sampled during follow-up. Thus,
associations detected in this study should be interpreted not as
the relative odds that a strain will be transmitted, but rather as
the relative odds of a strain being transmitted, causing symptomatic tuberculosis, and then being detected in a secondary
patient.
The validity of our ﬁndings depends on the household index
patient being accurately identiﬁed and the ability of our genotyping methods to identify epidemiologically linked cases within homes. If an index patient infected a household contact and
then relocated or died prior to 1996, a case strain could erroneously have been misclassiﬁed as a control strain, shifting
154
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estimated associations toward the null. If secondary household
cases were not actually infected by our identiﬁed index case, we
may have classiﬁed transmitted cases erroneously. Furthermore,
as a result of including both prevalent and incident MDR tuberculosis diagnoses in the cohort, patients carrying case strains
form a “survivor cohort,” in that both index patients and secondary patients must have survived long enough to have their
disease diagnosed and recognized as having been caused by a
strain originating from the same household. In this event, mutations positively associated with the generation of secondary
cases could actually be indicators for less lethal strains of
MDR M. tuberculosis. In an attempt to ensure that index patients were comparable with respect to the longevity and duration of infectiousness, cases and controls were matched on the
basis of the household’s follow-up time and number of susceptible adult contacts. Thus, mutations that generate more
secondary cases through increasing the average period of infectiousness would not be identiﬁed by this design. Additionally,
the magnitude of ﬁtness costs associated with some polymorphisms are dependent on the strain backgrounds in which
they appear [7]; as genotyping was not performed on all controls, we were unable to control for strain backgrounds in this
study. This may partially account for the observed coincidence
of katG315 and rpsL43 among strains circulating in Russia [50]:
while at least 64% of Russian strains descend from the highly
transmissible Beijing lineage, <7% of genotyped strains in our
study belong to this lineage. Furthermore, as sequencing was
only performed for isolates from index patients, we are unable
to conﬁrm that index patients and patients with secondary cases
who were infected with case strains harbored identical drug resistance mutations. However, in 91% of case households, the
index patient had a strain with the same number of or more
drug resistance phenotypes (of ethambutol, pyrazinamide,
and streptomycin) than the corresponding secondary patient,
suggesting high correspondence between resistance proﬁles of
household contacts.
Despite this study’s limitations, our ﬁnding that the katG
Ser315Thr mutation—one of the most commonly cited lowcost mutations—was signiﬁcantly associated with the increased
generation of secondary cases serves as a useful positive reference for the validity of the study design [18]. Moreover, the difﬁculties in controlling for confounders may be outweighed by
the opportunity to study resistance costs in naturally transmitted MDR M. tuberculosis strains in a population with a high disease burden. We suggest that other researchers further evaluate
the ﬁnding that rpsL43 mutations are associated with ﬁtness
costs in clinical isolates.
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