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Sputum samples from new tuberculosis (TB) cases were collected over 2 years as part of a prospective study in the northeastern
part of Lima, Peru. To measure the contribution of recent transmission to the high rates of multidrug resistance (MDR) in this
area, Mycobacterium tuberculosis complex (MTBc) isolates were tested for drug susceptibility to first-line drugs and were geno-
typed by spoligotyping and 15-locus mycobacterial interspersed repetitive-unit (MIRU-15)-variable-number tandem repeat
(VNTR) analysis. MDR was found in 6.8% of 844 isolates, of which 593 (70.3%) were identified as belonging to a known MTBc
lineage, whereas 198 isolates (23.5%) could not be assigned to these lineages and 12 (1.4%) represented mixed infections. Lineage
4 accounted for 54.9% (n = 463) of the isolates, most of which belonged to the Haarlem family (n = 279). MIRU-15 analysis
grouped 551/791 isolates (69.7%) in 102 clusters, with sizes ranging from 2 to 46 strains. The overall high clustering rate suggests
a high level of recent transmission in this population, especially among younger patients (odds ratio [OR], 1.6; P = 0.01). Haar-
lem strains were more prone to cluster, compared to the other families taken together (OR, 2.0; P < 0.0001), while Beijing (OR,
0.6; P = 0.006) and LAM (OR, 0.7; P = 0.07) strains clustered less. Whereas streptomycin-resistant strains were more commonly
found in clusters (OR, 1.8; P = 0.03), clustering rates did not differ between MDR and non-MDR strains (OR, 1.8; P = 0.1). Fur-
thermore, only 16/51 MDR strains clustered with other MDR strains, suggesting that patients with primary MDR infections ac-

quired the infections mostly from index cases outside the study population, such as retreated cases.

Tuberculosis (TB) is among the top 10 causes of death in the
global ranking (1). Although Peru accounts for only 3% of the
population of the Americas, it has 9.5% of the region’s TB cases.
According to the World Health Organization (WHO), 21,916 new
cases of pulmonary TB were reported in Peru between January
and November 2013 (2). Urban areas are more affected, with 59%
of all Peruvian TB cases, 82% of multidrug-resistant (MDR) TB
cases, and 93% of extensively drug-resistant (XDR) TB cases oc-
curring in Lima. Within the capital area, TB cases are heteroge-
neously distributed. The most affected districts are located in the
northeast and together represent 86% of the reported cases in the
capital (3, 4). San Juan de Lurigancho is the most populated dis-
trict in this area, with 1,004,339 inhabitants (5), and reports a
pulmonary TB incidence rate of 193 cases per 100,000 inhabitants,
asmear-positive TB incidence rate of 126 cases per 100,000 inhab-
itants (6), and an overall MDR prevalence of 7% (7), exceeding the
national averages for the three indicators of 103 cases per 100,000
inhabitants, 62 cases per 100,000 inhabitants, and 5.3%, respec-
tively (8). The HIV prevalence among TB patients in this setting is
similar to the national prevalence, which in 2008 was 2.6% (9).
Peru has been considered a good example of the beneficial
effects of implementing directly observed therapy short course
(DOTS) in a country’s health system (10). Nevertheless, national
surveys from 1996 and 2006 have shown increases in MDR rates
from 2.4% to 5.3% among new cases and from 15.7% to 23.6%
among previously treated cases (11). This paradox of improved
TB management and worsening resistance prevalence has been
explained by increases in the notified cases, i.e., in case detection,
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although treatment outcomes remain poor (12). Basically, the ob-
served increases in MDR-TB rates may result from two factors,
i.e., transmission of MDR-TB and acquired resistance due to in-
effective TB treatment selecting for spontaneous mutations in
specific genes associated with drug resistance (13, 14).

Molecular strain typing (genotyping) has significantly contrib-
uted worldwide to the understanding of TB epidemiology and
transmission dynamics (15, 16), by confirming outbreaks (17)
and identifying the clonal spread of successful strains, including
MDR strains (18, 19). Furthermore, molecular typing has shown
that the Mycobacterium tuberculosis complex (MTBc) has a diverse
population structure, being composed of seven lineages of human
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importance, subdivided into families (20, 21) that differ not only
in their geographical occurrence but also in their drug resistance
profiles (19, 22). Epidemiological data on TB in Peru have so far
consisted largely of reports of the number of cases detected, de-
mographic data for the cases, and drug susceptibility profiles of M.
tuberculosis isolates. Despite the increased number of recent stud-
ies on genetic diversity (23-25), data on the molecular epidemiol-
ogy of TB in this country are limited; the SpolDB4.0 spoligotyping
database includes only 96 Peruvian strains among the 39,609 pub-
lished entries (26).

To gain more insights regarding the extent of ongoing trans-
mission and its contribution to the high prevalence of MDR-TB,
we aimed to describe the circulating MTBc genotypes among new
pulmonary TB cases. We used a combination of 15-locus myoco-
bacterial interspersed repetitive-unit (MIRU-15)-variable-num-
ber tandem repeat (VNTR) analysis and spoligotyping to define
the TB population structure and to perform a cluster analysis to
measure the level of recent transmission and its possible associa-
tion with drug resistance.

MATERIALS AND METHODS

Study setting and population. This study was embedded in a prospective
cohort study of new cases of sputum smear-positive pulmonary TB to
assess the contributions of reinfection versus reactivation to recurrent
episodes in San Juan de Lurigancho, a semiurban district in the northeast-
ern part of Lima. Patient recruitment was conducted between March 2010
and December 2011 in all 34 public health care facilities (one hospital and
33 first-level health care facilities) in the district. All of these health care
facilities provide TB diagnosis and treatment free of charge to patients.
For this study, sputum samples were collected from previously untreated
pulmonary TB subjects >18 years of age.

Culture and drug susceptibility testing. Sputum samples were trans-
ported to the microbiology laboratory at the Institute of Tropical Medi-
cine Alexander von Humboldt (Lima, Peru) within 6 h after being pro-
duced. Samples were cultured on the day they arrived or were kept at 4°C
if they arrived late in the afternoon or during the weekend. Quality control
assessments were performed for all sputum samples, to determine the
presence of blood, mucus, or saliva. Smear microscopy was performed by
following the Ziehl-Neelsen method, and samples were cultured on two
slopes of Lowenstein-Jensen (LJ) medium after decontamination with the
N-acetyl-L-cysteine (NalC)-sodium hydroxide method (27). The MTBc
isolates were subjected to drug susceptibility testing (DST) using the 7H10
agar proportion method (28), with the following drug concentrations: 0.2
pg/ml and 1 pg/ml isoniazid, 1 pg/ml rifampin, 2 pwg/ml streptomycin,
and 6 pg/ml ethambutol. Quality assurance activities included regular
checking of the reagents used in test procedures (including expiration
dates) and regular maintenance and calibration of equipment.

Data collection methods. Clinical, bacteriological (smear microscopy
results during treatment, DST results, and treatment outcomes), and so-
ciodemographic (name, sex, and age) data were retrieved from patients’
files and treatment charts.

DNA isolation. To obtain genomic DNA for spoligotyping and
MIRU-15 typing, mycobacterial colonies grown on L] medium were re-
suspended in 500 pl of 1X Tris-EDTA buffer (10 mM Tris-HCI, 1 mM
EDTA disodium [pH 8.0]) and heat inactivated at 95°C for 20 min. The
suspension was centrifuged at 14,000 rpm for 15 min to pellet cell debris.
The supernatant, containing DNA, was stored at —20°C and used in
PCRs.

Spoligotyping. Spoligotyping was performed using primers DRa and
DRb, corresponding to the direct repeat (DR) region of the MTBc ge-
nome, according to the procedure described by Kamerbeek et al. (29).
Amplification and hybridization were performed using a membrane pre-
pared in-house. Detection of hybridized DNA was achieved by using en-
hanced chemiluminescence (ECL) detection liquid (Amersham Biosci-
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ences) followed by exposure to X-ray film (Hyperfilm ECL; Amersham
Biosciences), in accordance with the instructions of the manufacturer.
Results were read manually to obtain a complete pattern of the presence or
absence of the respective spacers.

MIRU-VNTR analysis. MIRU-VNTR analysis is a PCR-based typing
method that determines the copy number of tandem repeats for indepen-
dent loci (MIRUs) that were found to be polymorphic in the MTBc. For
budgetary and logistic reasons, standardized MIRU-15 analyses were per-
formed with the collaboration of the Kobe Institute of Health (Kobe,
Japan), the Molecular Mycobacteriology Laboratory (Borstel, Germany),
and GenoScreen (Lille, France). Our external collaborators performed the
analyses according to the capillary electrophoresis protocol (30-32). Each
locus was amplified separately by simplex PCR with the Qiagen Hotstart
Taq polymerase kit including Q solution, according to published guide-
lines (30). Products were analyzed by electrophoresis using 2% agarose
(Promega) gels. The H37Rv reference strain was included in each batch of
PCRs and gels. To ensure the same level of performance among the par-
ticipating laboratories, we included blind controls among the samples for
each collaborator; no deviations were observed.

MIRU-15 analysis may lack sufficient power of resolution for the clas-
sification of Beijing strains (32). Therefore, we randomly selected 62 Bei-
jing strains to be analyzed by MIRU-VNTR typing using 24 loci, and we
compared the clustering rates between the 2 methods.

DNA fingerprint analysis. Basic strain classification in phylogenetic
families was performed using the MIRU-VNTRplus server (22, 33). To
determine the spoligotype family (26), patterns were compared with those
in the international database of spoligotyping patterns (http://www.miru
-vntrplus.org/MIRU/index.faces) and the rules for the spoligotype family
prototype (16). MIRU-VNTR profiles with double alleles at a single locus
were considered to represent heterogeneous populations of the same
strain, whereas those with double alleles at 2 or more loci were considered
to represent mixed infections or to indicate cross-contamination (34, 35).

For the clustering analysis, we included all samples with complete
spoligotyping and MIRU-15 results. A cluster was defined as two or more
MTBc isolates sharing identical MIRU-15 and spoligotyping patterns.
Heterogenous isolates with double alleles at only one locus were included
in the cluster analysis (both patterns were compared). Isolates with no
PCR amplicon at only one locus were treated as missing data at the re-
spective locus and also were included, whereas isolates lacking amplicons
at two or more loci were excluded from the calculation of clustering rates.

Data management and analysis. Demographic information (sex and
age) and smear, culture, and DST results were entered into a dedicated
Access database. Quality control assessment for data entry was performed
for 10% of all records and 100% of DST results. For all molecular data
(spoligotyping and MIRU-15 analysis), systematic quality control was
performed through double data entry.

Spoligotyping patterns in a binary format were entered into an Excel
spreadsheet and compared with the spoligotype database SpolDB4 using
MIRU-VNTRplus. The chi-square test, or the Fisher exact test when nec-
essary, was applied to evaluate differences in demographic (age and sex),
epidemiological (M. tuberculosis families), and microbiological (drug re-
sistance) variables. In order to determine independent risk factors, odds
ratios (ORs) and 95% confidence intervals (CIs) were calculated by using
logistic regression analysis (Epi Info v7). P values of <0.05 were consid-
ered significant.

Ethical considerations. The study was approved by the institutional
review board of the Cayetano Heredia University. All enrolled patients
provided informed consent. Patients were assigned a unique identifier,
and data were managed anonymously. Smear, culture, and DST results
were communicated to the health service as soon as they were available.

RESULTS
Patients and samples. The National TB Program (NTP) regis-

tered 1,704 new cases of pulmonary TB in San Juan de Lurigancho
between March 2010 and December 2011. A total of 1,521 patients
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1704 new pTB cases smear-positive
registered by NTP

1521 (89.3%) identified for participation

,{ 183 (10.7%) not identified by field workers

203 (11.9%) not enrolled:
- Previously treated (n=92)
- Declined (n=65)

1318 (77.3%) enrolled and signed consent

- Not located (n=29)

- Did not leave samples (n=9)
- Did not consent (n=6)

- Moving soon (n=2)

71 (4.2%) excluded from the analysis:
- Withdrew (n=5)

1247 (73.2%) sputum examined

- Exclusion criteria (n=13)
- Files were lost (n=5)
- Did not leave sample (n=48)

403 (23.7%) not available for DNA
fingerprinting:

844 (49.5%) isolates for genotyping

- Negative-culture (n=94)
- Contaminated culture (n=48)
- Not available for subsequent studies (n=261)

FIG 1 Patient enrollment flowchart. pTB, pulmonary TB.

(89.3%) with a first episode of smear-positive pulmonary TB were
identified for participation in the cohort study. The remaining
cases (10.7%) were not identified by field workers. Of the screened
cases, we enrolled 1,318 (77.3%). After thorough questioning, we
excluded 71 patients (4.2%) because they withdrew (n = 5), they
met the exclusion criteria (n = 13), their files were lost (n = 5), or
they did not leave a sputum sample (n = 48). Of the 1,247 sputum
samples analyzed, 403 (23.7%) were not available for DNA finger-
printing because the primary culture tested negative (n = 94), was
contaminated (7 = 48), or was not available for subsequent labo-
ratory analysis (n = 261). Thus, the total number of cultures from
different subjects that were available for DNA genotyping was 844,
representing 49.5% of the 1,704 new pulmonary TB cases re-
corded by the NTP (Fig. 1). Age and gender distributions were
similar for the total screened population and the enrolled patients
with molecular data available (Table 1).

MIRU-15 and spoligotyping analyses were performed for all
844 M. tuberculosis isolates. Of these, 53 isolates (6.3%) were ex-

cluded from the final clustering analysis because no PCR ampli-
con was obtained at two or more MIRU loci for 24 of these isolates,
12 isolates were identified as mixed infections, and 17 isolates
showed discrepant results between spoligotyping and MIRU pat-
terns, suggesting a labeling error. Thus, the final data set included
791 isolates with complete sets of spoligotyping and MIRU-15
data, to allow proper cluster analysis.

Drug susceptibility testing. DST results were available for
754/791 isolates (95.3%). In total, 207 isolates (27.5%) were resis-
tant to at least one drug and 547 (72.5%) were fully susceptible.
Fifty-one cases (6.8%) were MDR; 23 (3.1%) were monoresistant
to isoniazid, 14 (1.9%) to rifampin, 35 (4.6%) to streptomycin,
and 33 (4.4%) to ethambutol (Table 2).

M. tuberculosis population structure. MIRU-15 classified
593/791 isolates (75%) into previously described lineages (21).
The largest lineage was lineage 4, which accounted for 58.5% of
the isolates, most of which belonged to the Haarlem family (n =
279), followed by the LAM family (n = 171) (Fig. 2). Few isolates

TABLE 1 Demographic characteristics of new pulmonary smear-positive TB cases enrolled versus not enrolled in study cohort

Gender Age
Total no. No. (%) No. (%) No. (%) No. (%)
Patient group (%) male female OR(95%CI) P <40yrofage =40yrofage OR(95%CI) P
Total screened 1,521 (100.0) 912 (60.0) 609 (40.0)  1.00 100 1,187 (78.0) 334 (22.0) 1.00 1.00
Not enrolled 226 (14.9) 124 (54.9) 102 (45.1) 1.23(0.9-1.6) 0.2 182 (80.5) 44 (19.5) 0.9 (0.6-1.2) 0.45
Enrolled 1,295 (85.1) 788 (60.9) 507 (39.1)  0.96 (0.8-1.1) 0.7 1,005 (77.6) 290 (22.4) 1.0 (0.9-1.2) 0.80
Enrolled with molecular 844 (55.49) 516 (61.3)  328(38.9) 0.95(0.8-1.1) 0.6 653 (77.4) 191 (22.6) 1.0(0.8-1.3)  0.74

data available
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TABLE 2 Drug resistance patterns of 754 M. tuberculosis complex
isolates

Type of resistance” No. (%)
Monoresistant 105 (13.9)
H 23 (3.1)
R 14 (1.9)

S 35 (4.6)
E 33 (4.4)
Polyresistant (non-MDR) 51 (6.8)
H+S 15 (2.0)
H+E 7(0.9)
H+S+E 9(1.2)
R+ E 1(0.1)
R+S 2(0.3)
S+E 17 (2.3)
MDR 51 (6.8)
H+R 16 (2.1)
H+R+S 11 (1.5)
H+R+E 10 (1.3)
H+R+S+E 14 (1.9)
Any resistance 207 (27.5)
Susceptible to all drugs 547 (72.5)
Total 754

@ H, isoniazid; R, rifampin; S, streptomycin; E, ethambutol; MDR, multidrug-resistant.

belonged to the X (n = 9) and S (n = 3) families. The next most
common lineage was lineage 2, represented here by only the Bei-
jing family, which accounted for 16.4% (n = 130) of the total.

The remaining 198 isolates (25%) could not be assigned to a
recognized lineage or family based on their spoligotyping and/or
MIRU-15 profiles and were grouped as nondefined strains (n =
198). A minimum-spanning tree (MST) based on the MIRU-15
data (see Fig. S1 in the supplemental material) confirmed the clas-
sification according to unweighted pair group method with arith-
metic mean (UPGMA) tree-based analysis.

Stratification of the strains that were resistant to isoniazid
and/or rifampin in the different phylogenetic families showed that
strains in the most common lineage 4 family (Haarlem) were less
prone to be resistant to rifampin (OR, 0.4; P = 0.01) and rifampin
plus isoniazid (OR, 0.5; P = 0.05) than were all non-Haarlem
strains. In contrast, strains in the LAM family were more prone to
be resistant to isoniazid (OR, 1.7; P = 0.03), rifampin (OR, 2.8;
P < 0.0001), and isoniazid plus rifampin (OR, 2.3; P = 0.01) than
were all non-LAM strains (Table 3).

Cluster analysis. MIRU-15 analysis grouped 551/791 isolates
(69.7%) in 102 clusters, with sizes ranging from 2 to 46 isolates per
cluster. Stratification of clusters in the 2 most common phyloge-
netic lineages showed a higher probability to cluster for lineage 4
than for lineage 2 (OR, 1.8 [95% CI, 1.2 to 2.8]; P = 0.004).
Stratification of clusters in the recognized families showed a
higher probability to cluster for the Haarlem family (OR, 2.0; P <
0.0001), while the LAM (OR, 0.7; P = 0.07) and Beijing (OR, 0.6;
P <0.006) families were less prone to cluster, compared to isolates
not belonging to those families (Table 4). Additional MIRU-24
typing for 62 of the 130 Beijing isolates supported the observed
MIRU-15 clustering for 59 of the isolates and identified 3 isolates
as nonclustered, compared to MIRU-15 analysis.
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The ages (mean * standard deviation) of the study subjects
were 31 * 13.9 years (range, 18 to 83 years), and 61.3% of the
patients were male. No correlation was found between being part
of a cluster and gender, but younger patients (<40 years of age)
were more likely to be part of a cluster than were older patients
(OR, 1.6; P = 0.01). To gain insight into the transmission dynam-
ics of resistant strains, the clustering rates were stratified according
to drug resistance profiles. Interestingly, despite the high rates of
resistance to isoniazid (13.9%) and rifampin (9.0%) and of mul-
tidrug resistance (6.8%), none of these patterns was associated
with clustering, suggesting widespread (more than one secondary
case) recent transmission into this study population. MDR strains
were not significantly more prevalent among clustered strains (41/
551 isolates [7.4%]) than among nonclustered strains (10/228 iso-
lates [4.1%]) (OR, 1.8; P < 0.1) (Table 5). Clustered MDR strains
were distributed over 11 clusters belonging to different lineages
and families. Only 14 of 51 MDR strains clustered together with
other MDR strains; 3 relatively large clusters, i.e., A, E, and R,
included 4, 6, and 4 MDR strains, respectively. We could not doc-
ument an epidemiological association among patients from these
clusters based on the health centers they attended. Strains that
were resistant to streptomycin (OR, 2.0; P = 0.01) were more
prone to be clustered (Table 6).

DISCUSSION

Despite the decreases in the national TB incidence since the im-
plementation of DOTS, Peru faces increases in the cases of
MDR-TB in the poorest districts of the capital. This study presents
an in-depth analysis of the population structure of MTBc strains
from new pulmonary TB cases in San Juan de Lurigancho, a set-
ting with high TB and MDR-TB burdens in the northeastern part
of Lima, Peru. National surveys from 1996 and 2006 showed an
increase in the MDR rate from 2.4% to 5.3% among new cases of
pulmonary TB, most of which were detected in Lima (11). The
6.8% MDR-TB rate we observed in our population is in line with
these data.

Based on the combination of spoligotyping and MIRU-15
analysis, 75% of the investigated strains were assigned to lineages
and families, with lineage 4 being the most prevalent, followed by
lineage 2. In contrast to previous reports from Latin America in
which LAM was the most common family (11, 36—40), our results
demonstrated a predominance of the Haarlem family among new
cases in the district of San Juan de Lurigancho.

With the exception of a study on MDR-TB household contacts,
in which LAM was most frequent (41), this predominance of the
Haarlem genotype has been observed in all Peruvian studies to
date (23-25, 42). Despite heterogeneity in the design and size of
those studies, the combined data suggest a trend of increasing
prevalence of the Haarlem genotype in Lima in the past decade,
with an increase from 23.8% to 35.3% (23, 25, 41, 42). Among a
selection of MDR-TB and XDR-TB isolates collected in Peru in
2007 to 2009, the prevalence reached 43.6% (24). The widespread
occurrence of the genotype in Peru could be due to the stability of
the genotype in this population and/or a high rate of recent trans-
mission, as documented by the higher probability of Haarlem
strains to be in a cluster in our study. Additionally, our results are
in accordance with the finding of LAM as the second most preva-
lent family in Peru, followed by the Beijing family (23-25), with a
seeming increase in Beijing strains in Lima from around 5% in
early 2000 (23, 25) to around 15% a decade later (42; this study).

jecm.asm.org 1857


http://jcm.asm.org

Barletta et al.

Not defined
families (%)
198 (25.0)

Lineage 2
Number (%)
130 (100)

Family
Beijing

Lineage 4
Family/clade Number (%)
Haarlem 279 (60.4)
LAM 171 (37.0)
X 9(1.9)
S 3(0.7)
Ghana 1(0.2)

FIG 2 Families based on spoligotyping and MIRU-15 analysis among the 791 isolates of M. tuberculosis.

Unlike the situation observed in other South American coun-
tries, in which the Beijing family was reported to represent less
than 1%, its proportion in Peru was found to be relatively high,
i.e., 5.5% (44/794 isolates) for samples obtained between 1999 and
2005 (23), 5.9% (11/185 isolates) in 1999 (43), 9.3% for samples
obtained between 2004 and 2006 (25), and 14.1% for samples
obtained during 7 months in 2009 (42). This observation was
recently explained by Iwamoto et al. (31) as the result of Chinese
and Japanese immigrants settling in Peru in the 19th century. The
16.4% prevalence rate observed in this study confirms the trend of
increasing prevalence of this family, an expansion due to trans-
mission after a relatively recent introduction. Although Beijing
strains overall clustered less in our study population, the largest
cluster included 46 Beijing isolates.

In this study, we observed a significant proportion (23.5%) of
strains that did not match well-defined lineages but were respon-
sible for large clusters (see Fig. S2 in the supplemental material).
Among them, 37% were grouped in the poorly defined T group,
and 63% had spoligotyping and/or MIRU patterns that did not
match an international type. Future analyses including the addi-
tional 9 loci for 24-locus MIRU analysis and/or whole-genome
sequencing could help to discriminate better between these strains
and to elucidate the real clusters.
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Clustering is considered a surrogate marker for strains in-
volved in recent transmission. The efficacy of TB control pro-
grams can be assessed by the degree of recent TB transmission in
the population (44-46). The validity of molecular epidemiological
studies is determined by the resolution of the applied typing
method, among other factors. Spoligotyping alone is an unreliable
tool for formal phylogenetic analyses, due to the occurrence of
independent mutational events in different evolutionary lineages,
which may result in identical convergent spoligotyping patterns
(47). However, spoligotyping combined with MIRU-15 analysis
allows for high-resolution genotyping to study recent transmis-
sion (32). We excluded 24 samples lacking data for 2 or more
MIRU loci. An occasional lack of PCR amplification of some loci
has been reported (32) and might be explained by chromosomal
deletions, nucleotide polymorphisms in the sequences comple-
mentary to the PCR primers (48), or insufficient DNA quality.
MIRU-15 analysis may lack sufficient power of resolution for the
classification of Beijing strains (32). However, the comparison
between MIRU-15 and MIRU-24 analyses showed similar clus-
ters. Therefore, it is likely that the majority of the remaining
strains typed by MIRU-15 analysis would mostly remain clustered
if MIRU-VNTR typing was extended to 24 loci (32).

Duration and geographic/population coverage are other im-
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TABLE 3 M. tuberculosis families and their association with isoniazid and rifampin resistance (n = 754)

Isoniazid Rifampin MDR
M. tuberculosis Total No. No. No. No. OR No. with No. without OR P
family no.” resistant sensitive OR (95% CI) P resistant sensitive (95% CI) P MDR MDR (95% CI) value
Lineage 2 119 10 109 7 112 7 112
Beijing 119 10 109 0.6 (0.3-1.3) 0.08 7 112 0.6 (0.3-1.3) 0.3 7 112 0.8 (0.4-1.9) 0.8
Non-Beijing 635 95 540 61 574 44 591
Lineage 4 444 65 379 45 399 31 413
Haarlem 267 31 236 0.7 (0.5-1.2) 0.2 14 253 0.4 (0.2-0.8) 0.01 11 256 0.5 (0.2-1.0) 0.05
Non-Haarlem 487 74 413 54 433 40 447
LAM 165 32 133 1.7 (1.1-2.7)  0.03 28 137 2.8 (1.7-4.7) <0.0001 19 146 2.3 (1.3-4.1) 0.01
Non-LAM 589 73 516 40 549 32 557
X clade 9 2 7 NA® NA 2 7 NA NA 1 8 NA NA
Non-X clade 745 103 642 66 679 50 695
S clade 2 0 2 NA NA 1 1 NA NA 0 2 NA NA
Non-S clade 752 105 647 67 685 51 701
Ghana 1 0 1 NA NA 0 1 NA NA 0 1 NA NA
Non-Ghana 753 105 648 68 685 51 702
Nondefined family® 190 30 160 1.22 (0.8-1.9) 0.5 16 174 0.9 (0.5-1.6) 0.8 13 177 1.0 (0.5-1.9) 0.9
Defined family 563 75 488 52 511 38 525

“ Isolates identified as mixed infections and isolates without complete spoligotyping and MIRU-15 data were excluded from the analysis.

? NA, not applicable.
¢ One strain failed the susceptibility test for isoniazid.

portant determinants for the validity of molecular epidemiologi-
cal studies. Due to logistic constraints and human and/or micro-
biological factors, it is usually not possible to obtain cultures and
DNA fingerprints for all eligible cases. In this study, we focused
only on new TB cases, which represented approximately 89% of all
pulmonary TB cases, and among these we enrolled only smear-
positive cases, which represented approximately 65.3% of the new
cases (6). Borgdorff et al. confirmed that clustering rates may be
underestimated as a result of random sampling in time or in space
(49). In settings in which risk factors for clustering may be inter-

preted as risk factors for recent transmission, these risk factors can
be robustly calculated even when sampling is incomplete, i.e., they
are also associated with larger cluster sizes. Therefore, odds ra-
tios are generally insensitive to random sampling unless larger
clusters are excluded and sampling fractions are small (49). This
study analyzed a sampling fraction of almost 50% of the eligible
cases, i.e., registered new smear-positive cases of pulmonary TB,
and did not exclude any clusters. As a result, the odds ratios of our
study are likely robust estimates.

TB is known to cluster in hyperendemic “hot spots,” which

TABLE 4 Phylogenetic families and their association with strain clustering (n = 791)

No. (%) of genotypes

No. of No. of
M. tuberculosis family isolates” clusters Clustered Unique OR (95% CI) Pvalue
Lineage 2 130 7 77 (59.2) 53 (40.8)
Beijing 130 7 77 (59.2) 53 (40.8) 0.6 (0.4-0.9) 0.006
Non-Beijing 661 95 474 (71.7) 187 (28.3)
Lineage 4 463 67 336 (72.6) 127 (27.4)
Haarlem 279 37 220 (78.9) 59 (21.1) 2.0 (1.5-2.9) <0.0001
Non-Haarlem 512 65 331 (64.7) 181 (35.3)
LAM 171 27 109 (63.7) 62 (36.3) 0.7 (0.5-1.0) 0.07
Non-LAM 620 75 442 (71.3) 178 (28.7)
X clade 9 2 5 (55.6) 4(44.4) NA? NA
Non-X clade 782 100 546 (69.8) 236 (30.2)
S clade 3 1 2(66.7) 1(33.3) NA NA
Non-S clade 788 101 549 (69.7) 239 (30.3)
Ghana 1 0 0(0) 1 (100) NA NA
Non-Ghana 790 102 551(69.8) 239 (30.2)
Nondefined family 198 28 142 (71.7) 56 (28.3) 1.1 (0.8-1.6) 0.7
Defined family 593 74 413 (69.7) 180 (30.3)
“ Isolates identified as mixed infections and isolates without complete spoligotyping and MIRU-15 data were excluded from the analysis.
Y NA, not applicable.
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TABLE 5 Characteristics of clusters found in study population

No. of strains showing

. P No. of strains
resistance/susceptibility to“:

No. of strains No. of Cluster with/without No.
in cluster clusters identification Lineage(s) H R S E MDR? ND¢
24 43 Multiple
34 22 Multiple
44 10 Multiple
54 5 Multiple
6 1 A Beijing 5/0 4/1 5/0 4/1 4/1 1
7 1 B Haarlem 2/5 1/6 2/5 2/5 1/6 0
8 3 C Haarlem 0/8 1/7 1/7 0/8 0/8 0
D Haarlem 0/8 0/8 2/6 1/7 0/8 0
E Not defined 4/3 4/3 1/6 4/3 4/3 1
9 4 F Haarlem 4/5 0/9 3/6 0/9 0/9 0
G Haarlem 0/9 0/9 1/8 1/8 0/9 0
H Not defined 1/7 1/7 1/7 2/6 1/7 1
I Not defined 1/7 0/8 2/6 1/7 0/8 1
10 1 ] Haarlem 1/8 1/8 1/8 4/5 1/8 1
11 1 K LAM 0/10 1/9 0/10 0/10 0/10 1
12 2 L Haarlem 1/10 1/10 1/10 1/10 1/10 1
M Haarlem 3/9 1/11 2/10 2/10 1/11 0
15 1 N Beijing 1/13 1/13 2/12 1/13 1/13 1
16 1 (@] LAM 0/16 2/14 0/16 0/16 0/16 0
17 2 P Not defined 3/14 0/17 6/11 6/11 0/17 0
Q Not defined 1/16 0/17 1/16 0/17 0/17 0
20 1 R LAM 11/9 6/14 5/15 5/15 6/14 0
22 1 S Not defined 0/21 1/20 2/19 1/20 0/21 1
25 1 T Haarlem 1/24 1/24 4/21 2/23 0/25 0
38 1 18] Haarlem 1/35 1/35 3/33 1/35 1/35 2
46 1 \% Beijing 2/41 1/42 5/38 6/37 1/42 3

@ H, isoniazid; R, rifampin; S, streptomycin; E, ethambutol.
¥ MDR, multidrug-resistant.

“ ND, susceptibility test was not done.

4 No details on susceptibility were provided.

often are characterized by social determinants such as crowding,
poverty, and HIV infections (50-52). Compared with other infec-
tious diseases, however, for which 20% of the population may
generate 80% of transmission, TB transmission appears relatively
more homogeneous (53, 54). Previous studies in areas with high
TB incidence rates have shown a wide range of transmission rates
(clustering rates), ranging from 37 to 72% in settings with TB
incidence rates of over 200 cases per 100,000 inhabitants (55-57).
In our study population, we observed a relatively high clustering
rate of 69.7%, mainly among Haarlem strains.

In agreement with previous national and regional surveillance
data (58-60), we found high rates of resistance to isoniazid and/or
rifampin in this setting. This high MDR rate does not seem to be
attributable primarily to recent transmission among new cases, as
our MDR strains were not systematically clustered together. In-
deed, they were grouped together with non-MDR strains, mostly
resistant to at least isoniazid. Thus, the additional acquisition of
rifampin resistance could have occurred in epidemiologically
linked retreated cases that were excluded from this study.

MDR-TB strains were underrepresented among clustered
strains. There are three possible explanations for the lack of asso-
ciation between clustering and the presence of MDR-TB strains
observed among new cases in our setting. First, recent transmis-
sion could have occurred from MDR-TB in previously treated
patients who were excluded from our study. The fact that MDR
strains clustered with strains that were resistant to isoniazid or
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rifampin supports this hypothesis of acquired MDR in retreated
cases, which potentially remained infectious for extended periods
if not diagnosed properly and treated appropriately. In Peru, the
time to change from the standard schedule to the MDR-TB sched-
ule varies from 28 days for new TB patients with risk factors to 2
months for patients without risk factors (61). Second, transmis-
sion could have occurred prior to our sampling period. When we
compared our results with those of a previous study conducted in
the same district in 2009 (42), however, we found few shared clus-
ters between the two sets of samples; the 2009 study focused on
low-MDR-risk patients, who did not represent the entire pool of
MDR-TB cases in the area. Moreover, our study covered almost 2
years of sampling, which is considered the minimum time to study
recent transmission (62). Third, resistant strains could have been
imported from other districts of Lima. According to reports from
the Ministry of Health (see Fig. S3 in the supplemental material),
however, San Juan de Lurigancho has one of the highest TB inci-
dence rates in the capital. Therefore, export (rather than import)
from San Juan de Lurigancho to other districts might be more
frequent, as a result of high interdistrict mobility. On the other
hand, according to the latest census (performed in 2007), 54.7% of
the inhabitants living in San Juan de Lurigancho were born in a
different region and 15.7% had moved to the district in the past 5
years (63), which might have caused import of (resistant) strains
from those regions. Therefore, infection from previously treated
cases, which are at higher risk of being MDR-TB, seems the most
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TABLE 6 Demographic characteristics of study subjects, drug resistance
patterns, and their association with strain clustering

No (%) with

Total genotyping pattern OR
Characteristic no. Clustered ~ Unique (95% CI) P
Gender
Male 485 346 (71.3) 139(28.7) 1.2(0.9-1.8) 0.2
Female 306 205 (67.0) 101 (33.0)
Age
<40 yr 610 439 (72.0) 171 (28.0) 1.6(1.1-2.2) 0.01
=40 yr 181 112 (61.9) 69 (38.1)
Any drug
Resistant 207 154 (74.4) 53 (25.6) 1.4 (0.9-1.9) 0.1
Sensitive 547 373(68.2) 174 (31.8)
Isoniazid®
Resistant 105 82 (78.1) 23 (21.9) 1.7 (1.0-2.7)  0.06
Sensitive 649 444 (68.4) 205 (31.6)
Rifampin
Resistant 68 52 (76.5) 16 (23.5) 1.4 (0.8-2.6) 0.3
Sensitive 686  475(69.2) 211 (30.8)
Streptomycin
Resistant 103 82 (79.6) 21(20.4) 1.8 (1.1-3.0) 0.03
Sensitive 651 445 (68.4) 206 (31.6)
Ethambutol
Resistant 91 71 (78.0) 20 (22.0) 1.6 (1.0-2.7) 0.1
Sensitive 663 456 (68.8) 207 (31.2)
MDR?
Yes 51 41 (80.4) 10 (19.6) 1.8 (0.9-3.7) 0.1
No 703 486 (69.1) 217 (30.9)
Resistant to all first-
line drugs
Yes 14 14 (100)  0(0) NA® NA
No 740 513 (69.3) 227 (30.7)

“ One strain failed the susceptibility test for isoniazid.
b NA, not applicable.

plausible explanation for the observed high rates of MDR-TB
among new cases.

In the specific case of the Beijing family, worldwide concern
has been raised about its frequent association with outbreaks of
MDR variants (48, 64, 65); however, this was contested by Glynn
et al. (66), who found regional differences in the Beijing family’s
association with drug resistance, with Colombia and Cuba lacking
this association. Our results agree with this observation and pre-
vious Peruvian studies in which the Beijing family was present in
relatively high proportions but was not associated with multidrug
resistance (23, 25, 41, 42). The prevailing Beijing isolates in Lima
are associated with the modern subfamily coming from China,
consistent with the worldwide trend except in the cases of Japan
and Korea, where the ancient subfamily predominates. One par-
ticular clone, the PCT001 genotype, has been circulating in Lima
since at least 1999 and might have gained a selective advantage
allowing for enhanced spreading in the past decade. Indeed, our
largest Beijing cluster (n = 46) displayed the typical PCT001 pro-
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file, whereas the second cluster (n = 15) had the PCT002 pattern
(31).

Our study has some limitations. First, since this was a passive
surveillance study, only patients attending health care facilities in
the public sector were included. In Peru, however, most cases of
TB are treated within this sector (67). Second, this study was em-
bedded in a prospective cohort study of new cases of sputum
smear-positive pulmonary TB; therefore, only new TB cases that
were smear positive were enrolled. Third, the sampling period
covers almost 2 years, which is less than the 4-year window that
yielded maximum clustering in a study conducted in Malawi (62).

In conclusion, our study confirms a diverse population struc-
ture of M. tuberculosis in the San Juan de Lurigancho district. The
predominant family was the Haarlem family and, although the
strains of this family showed the greatest probability to cluster,
they were less prone to be resistant to isoniazid and rifampin. The
high rate of clustering indicates active recent transmission of M.
tuberculosis among new cases but was not associated with drug
resistance in this study population. Our results suggest that the
high MDR-TB rate among new TB cases in Lima is primarily due
not to recent transmission among new cases but rather to treat-
ment failure in previous TB infections, which causes the selection
of spontaneous mutations in specific genes associated with drug
resistance. Future prospective community-based studies, includ-
ing new and previously treated patients, should aim to study the
transmission of drug-resistant strains in the general population, to
confirm this hypothesis. Meanwhile, rapid diagnosis and effective
treatment of TB remain crucial for interrupting the chains of
transmission, with an emphasis on retreated cases for MDR-TB.
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