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Abstract

Leprosy continues to be endemic in parts of China. To track the occurrence of leprosy and
determine at risk communities, molecular strain typing based on variable number of tandem
repeats (VNTRs) was applied in Qiubei County, Wenshan Prefecture, Yunnan Province of the
People’s Republic of China, a multiethnic region that is home to four predominant ethnic
minorities. A previous study, conducted between 2002 and 2005, provided the first descriptions of
Mycobacterium leprae strains in the region. M. leprae strains in Qiubei are highly conserved, so
only sufficiently polymorphic loci can distinguish strains. A balance between mutation rate and
loci stability is needed, so that secondary transmissions can be identified as genotypic matches.
The long incubation period of leprosy necessitated an extension of the study to assess the validity
of VNTR typing and observe allelic shifts in the same multiethnic population. From 2006 to early
2010 the extension was performed to yield a cumulative total of 164 enrolled patients and 130 skin
samples suitable for VNTR typing. Patient demographic information revealed that the case
detection rate among certain minority populations in the county is considerably higher than the
national rate. Cluster analysis of allele frequencies showed similar strain types within family
groups and neighboring townships. Allele frequencies were not found to significantly differ
between genders or clinical presentations. The percentage of cases showing near-matching
genotypes varied with geography; showing a considerably higher rate in the northern townships.
The northern townships continue to show strain types falling into the groups previously defined.
Southern genotypes were distinct from those in the north, but clonal genetic relationships were
indiscernible in the south. Social interactions and the physical, residential and occupational
environments may be more conducive to transmission of community strains in the north.
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1. INTRODUCTION

Leprosy control strategies have been designed to stop transmission of the pathogen
Mycobacterium leprae through early case detection and antimicrobial multi-drug therapy
(MDT), as recommended by the World Health Organization (WHO, 1982, 2009). In 1998, at
the 15t International Leprosy Conference in Beijing, the Chinese government announced
that leprosy had reached the nationwide elimination target. Despite this, approximately
1,500-1,800 new patients have been detected annually in China since 1998 - mainly in the
southwestern provinces (NCLC, 2007), with socioeconomic disparities contributing to the
detection rate and prevalence of leprosy in these geographically confined areas (Chen et al.,
2000; Shen et al., 2005; Meima et al., 1997; Saikawa, 1981).

Qiubei County, Wenshan Prefecture, Yunnan Province, has one of the highest rates of
leprosy in China. The annual detection rate of leprosy in all of China is 0.115 per 100,000
persons (NCLC, 2007), while our research reports an annual detection rate of 4.5 per
100,000 persons in Qiubei County. Leprosy has long been endemic in Qiubei, where
population surveys have demonstrated seroprevalence of M. leprae antigens as high as 30%
in the general population (Weng et al., 2000, 2005); making Qiubei an excellent site for
molecular studies of M. leprae. A population-based investigation of leprosy complemented
with molecular strain typing of the pathogen M. leprae is a powerful technique for tracking
the transmission of leprosy. In 2002 we undertook such a program and mapped variable
number-tandem repeat (VNTR) genomic loci in skin samples of leprosy patients in Qiubei
County.

Molecular techniques have been used extensively to study the transmission of human
tuberculosis —another disease primarily attributed to person-to-person transmission of a slow
growing Mycobacterium. Several families of genetic markers have been tested in M.
tuberculosis clinical isolates. These markers have included: insertion sequences (1S6110)
(van Embden et al., 1993), a single direct repeat (DR) region interspersed with unique
spacers (Goguet de la Salmoniére et al., 1997), multiple interspersed repeat units (MIRUSs)
scattered across the genome (Allix-Béguec et al., 2008), single nucleotide polymorphisms
(SNPs) (Filliol e al., 2006), and insertion-deletions (Gordon et al., 1999). With each marker
system providing a different level of strain resolution, the combined diversity of available
molecular techniques enables the study of questions ranging in scale from outbreak tracking
(Tabet et al., 1994) to evolution of the M. tuberculosis complex (Brosch et al., 2002).

In clinical investigations of tuberculosis, strain typing techniques have been used to
distinguish recent transmission from spatially and temporally remote sources of infection,
such as reactivated or immigrant cases (van Soolingen et al., 1999). Strain typing methods,
and their interpretations, continue to evolve, but such techniques have nevertheless played
an important public health role by guiding contact tracing efforts (de Vries et al., 2009), and
illustrating associations between genotype and phenotype (Parwati et al., 2010). The success
of molecular techniques in the study of tuberculosis transmission serves as an illustration of
how leprosy research can benefit from strain typing methods. Strain typing can shed light on
how M. leprae circulates through an affected population, giving clues as to the best way in
which to interrupt the stable pattern of incidence that has burdened some regions (Weng et
al., 2007). However, there are clinical and practical differences between tuberculosis and
leprosy. Active case searching and contact tracing have become limited due to the
decentralization of leprosy care and the redirection of funds to other health priorities (Feasey
et al., 2010). Contact tracing investigations of leprosy are impeded by the long incubation
period of leprosy (estimated at five to seven years) (WHO, 2006), the wide range of clinical
manifestations (Ridley and Jopling, 1966), and the powerful historical social stigma
associated with the disease (Nicholls et al., 2003). Isolation of the pathogen for in vitro
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propagation is infeasible. Though tuberculosis serves as an important analogy, these
distinctions mandate an approach specifically tailored to the biological and cultural
uniqueness of leprosy.

Genome sequencing of several stains (Monot et al., 2009) has shown the M. leprae genome
to be virtually invariant since a historical bottleneck event that resulted in massive genome
decay (Cole et al., 2001). The identification of four major lineages of M. leprae, SNP types
1 through 4, has provided a robust illustration of the global dissemination of leprosy (Monot
et al., 2005). To provide a finer scale of strain typing, 16 additional SNP subtypes were
developed (Monot et al., 2009). The SNP typing system has provided a valuable framework
at the global level, but is often insufficient to distinguish strains at the regional and
community level (Monot et al., 2008; Sakamuri et al., 2009a, 2009b; Weng et al. 2007). For
such situations, more rapidly evolving genetic markers are required. To this end, VNTR loci
at microsatellite and minisatellite regions of the M. leprae genome were explored
(Groathouse et al., 2004; Matsuoka et al., 2004; Sakamuri et al., 2009a).

Concerns have been raised regarding VNTR typing, including the possibility of multiple
infections within a single patient (Monot et al., 2008; Young et al., 2008), and variations in
the rate of M. leprae replication across anatomical niches (Young et al., 2004; Young et al.,
2008). In order to objectively assess the suitability of VNTRs for disease tracking, empirical
data must be drawn from endemic situations; ideally, with consecutive case ascertainment
over time periods at least the length of the average leprosy incubation period. To date, only
two multiyear molecular epidemiology investigations have been reported; our initial study in
Qiubei (Weng et al., 2007; Xing et al., 2009) and another in Cebu, Philippines (Sakamuri et
al., 2009a, 2009b). These investigations demonstrate that VNTR typing methods are able to
distinguish M. leprae subgroups within unresolved SNP lineages (type 3 in Qiubei and type
1 in Cebu) and illuminate recent transmission through the shared VNTR profiles found in
multicase families (MCFs) and community infections.

Before our first Qiubei study, the methods for strain typing of clinical leprosy samples were
just beginning to emerge. Our initial molecular investigation ran for over three years, and
provided the first descriptions of M. leprae VNTR genotypes in the region. We identified
several clusters of patients whose M. leprae specimens shared similar VNTR profiles and
uncovered characteristic features of leprosy transmission in Qiubei (Weng et al., 2007). In
collaboration with Colorado State University, a program in the molecular epidemiology of
leprosy has been established at the Beijing Tropical Medicine Research Institute (BTMRI).
Field support has been provided by the Qiubei County Leprosy Control Station, which is
also responsible for maintaining patient medical records and distributing MDT provided by
the National Centre for Leprosy Control. Although Qiubei is nearly 3,000 km from Beijing,
researchers from BTMRI periodically visit the field site to meet with clinicians and staff,
retrieve skin biopsy samples, and collect relevant patient data. This research program
represents a best effort at complete case inclusion, so as to study the transmission patterns
and population genetics of M. leprae in a genuinely endemic setting. The support of these
organizations has made a continuation of our previous study possible; affording us the
opportunity to research a complete incubation period, and thus capture secondary infections
and genotypic shifts.

We present the cumulative findings from a total of 164 enrolled cases spanning 8 years,
from 2002 to 2010, with the aim of furthering understanding of the leprosy genome and
aiding intervention measures by the prevailing disease control programs.
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2. MATERIALS AND METHODS

2.1. Field site, study population and the source of M. leprae

Qiubei County, composed of 14 townships, is located in Wenshan Prefecture of Yunnan
Province and is inhabited by a diversity of ethnic peoples (Zhang and Chen, 1999). Leprosy
case ascertainment and diagnosis of leprosy occurred at the Skin Diseases Control Stations
(SDCS). Clinical presentation was classified according to the Ridley-Jopling scheme (Ridley
and Jopling, 1966). In addition to date of diagnosis, basic demographic information such as
gender, year of birth, ethnicity, and township of residence were collected. Population data
for townships and ethnicities were acquired from the National Bureau of Statistics of China
(NBSC, 2010). The molecular epidemiology investigations were approved by ethical
committees of SDCS, Beijing Tropical Medicine Research Institute (BTMRI), and Colorado
State University (CSU). Patient skin biopsies were collected at SDCS in Qiubei after
diagnosis and formal consent from patients. DNA of M. leprae was extracted from skin
biopsies for strain typing as described previously (Weng et al., 2007).

2.2. M. leprae DNA extraction, VNTR amplification and DNA sequencing of PCR products

The methods for sample processing have been described previously (Weng et al., 2007). A
brief summary follows. After collection and fixation of skin biopsies in ethanol, DNA
extraction was performed using the DNeasy® tissue kit (QIAGEN, Valencia, CA) and
subjected to VNTR amplification of the loci (AC)9, (GTA)9, (AT)17, (AC)8a, (AT)15,
(TA)10 and 6-7. The primer sequences and amplicon sizes were as previously reported
(Weng et al., 2007). The presence of PCR product was detected by agarose gel
electrophoresis. For copy number (allele) determination, the amplicons were then either
submitted for DNA sequencing or for fragment length analysis (FLA) according to
published procedures (Kimura et al., 2009; Weng et al., 2007). Applied Biosystems™
software Sequence Scanner® and GeneMapper® were used to manually view and analyze
the chromatograms. Representative chromatograms and gels images may be found in
previously published works (Groathouse et al., 2004; Kimura et al., 2009; Sakamuri et al.,
2009h).

2.3. Statistical analysis of VNTR data and genotype clustering

The patient cohort was classified according to township of residence [BDS, GH, GZ, JP, NJ,
PZ, SD, SLY, SP, TX, WL, XD, YJ, YZ] (see Weng et al., 2007 for full township names),
ethnicity [Zhuang, Miao, Han, Yi, Other], sex [male, female], and clinical presentation [TT,
BT, BB, BL, LL]. Detection rate of cases for each subpopulation was calculated as (number
of cases)+(10°)/(population « years).

The allele frequencies for each of the subpopulations were calculated using the
Microsatellite Toolkit 3.1.1€ (Park, 2001) in Excel 2007©. Minitab 16© was used for
statistical analysis and preparation of the subpopulation clustering dendrogram, principal
component graphs and allele distribution histograms. Clustering of subpopulations was
performed using a complete linkage method and a squared Euclidean distance measure
(Michalakis and Excoffier, 1996). The relationships among township and ethnicity
populations were analyzed using PCA performed upon the covariance matrix of allele
frequencies within subpopulations.

The software Arlequin 3.5© (Excoffier and Lischer, 2010) was used to initially screen for
identical genotypes using the loci (AC)9, 67, (AC)8a, (TA)10 and (GTA)9. Manual
modifications to the clustering assignments were made to allow for a variation in one or two
repeats for (TA)10 and (GTA)9 alleles greater than 12 repeats due to increased variability in
these ranges. Percent clustering was determined by taking the number of clustered cases
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divided by the total cases suitable for analysis, with the 95% confidence intervals adjusted
using a finite population correction factor of 0.56 (130 genotyped cases taken from 189 total
cases).

3. RESULTS AND DISCUSSION

3.1. Field site, population characteristics and case detection rate

Total case ascertainment in Qiubei County was 189 cases from 2002 to 2010, but not all
cases were enrolled in the study. Patients under the age of fourteen and 21 cases from 2002
to 2004 were not enrolled. Thus, the combined studies in Qiubei County yielded a total of
164 enrolled cases since 2002. As demographic data were unavailable for cases that were
not enrolled, they have not been included in the analysis, and case detection rates should be
interpreted as minimum bounds. The first case genotyped was reported in April 2002, and
the last in March 2010, reflecting a total duration of eight years across the previous and
follow-up study, with individual durations of 45 and 51 months, sequentially. Between 2006
and 2010, 95 new cases were detected in 13 of the 14 townships. YJ was the only township
where no cases were reported in either study period.

Population growth for each ethnicity was linear (minimum R2=0.95) and did not exceed
1.2% per year for any ethnicity (data not shown). Administrative regions were redefined
after 2005, which merged the townships of GH with SLY, and WL with YJ. Given the
minimal impact of growth on case detection and the unavailability of individual data for
some townships, the 2005 population data was used to calculate the detection rate for the
entire study period.

The distribution of the cases according to township of residence, ethnic group and type of
leprosy is summarized in Table 1. A choropleth map showing variations in the detection rate
across the county, as well as the approximate geographic location of each case, is present in
Figure 1.

Of particular note is that the detection rate among both the Zhuang and Miao peoples is
significantly higher than among the Han majority within Qiubei. The Miao in particular
show a 10-fold higher rate than the majority ethnicity. These trends are indicative of a health
disparity in the region (Krieger et al., 2005).

3.2. Trends in leprosy transmission in Qiubei based on M. leprae VNTR typing

Multilocus VNTR typing methods were applied in this study, as local strains cannot be
distinguished using known SNP markers (Monot et al., 2005; Monot et al., 2009; Weng et
al., 2007). In the previous study, eight VNTR loci (AC)9, 6-7, (GTA)9, (AT)17, (AC)8a,
(AT)15, (TA)18 and (GAA)21 were mapped and analyzed. For the post-2005 DNA samples,
loci (TA)18 and (GAA)21 were excluded due to the lack of concordance or reproducibility
in reading the number of repeat units from sequence. The locus (TA)10 was added to the
current panel of markers. It was previously determined that the loci (AC)8b, (GGT)5, 12-5,
18-8, 21-3, 23-3, 27-5 and rpoT lacked sufficient polymorphism within Qiubei County for
analysis, having predominate values of 8, 4, 3, 7, 2, 2, 5 and 3, respectively (Weng et al.,
2006; Xing et al., 2009). Out of the 164 study cases, 130 were suitable for genotyping. The
VNTR patterns of the 130 typed cases are shown in Table 2.

3.3. Informative subpopulations and regional groupings of VNTR allele frequencies

To illuminate the patterns of leprosy transmission in Qiubei and the factors that contribute to
these, a variety of demographic and clinical subpopulation definitions were tested. The allele
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frequencies of the total population and subpopulations were analyzed with a panel of
statistical methods.

In Figure 2 the level of similarity of allele frequency distributions with respect to township
of origin, ethnicity, gender, and clinical presentation is shown. Three primary branches
emerged, shown in red, green and blue.

To address the question of whether genetic differences were present in the M. leprae
samples of different patient genders and clinical types, the distribution of alleles in these
subpopulations were compared relative to the total population (Total in Figure 2). No
significant distinction was found when considering the allele frequencies of either gender
groups (95.0% similarity) or those presenting with either BT or BL type disease (95.0%
similarity). This implies a lack of distinction in terms of strain type for these subpopulations
and that segregating the sample space into gender or clinical presentation would not be
informative. The TT type shows clustering away from the overall population distribution,
but this is assumed to be sampling error, as only a small number of TT cases (n=6) could be
reliably typed due to low bacterial index (BI). Further investigation may be warranted.

Qiubei is a multiethnic region whose member minorities are distributed unevenly across the
14 townships. To evaluate the strain types within this demographic context, the samples
were grouped according to the township of residence and self-reported ethnicities of the
patients. The allele frequencies of strains in the townships of BDS, TX, XD, SP, JP, NJ and
SLY which are found in the south, west and center of Qiubei County (43.0% minimum
similarity) are more similar to those of the total population, rather than to those in the
townships of GH, GZ, SD and YZ (46.5% minimum similarity) that are situated in the north
of the county and are separated from the former in the dendrogram. The townships of WL
and PZ (45.5% similarity) are found on the eastern edge of the county.

At the level of ethnicities, a high degree of similarity is seen between the Miao
subpopulation and the overall allele frequencies (95.0% similarity). The alleles of the Han
subgroup also branch together with that of the total population. The Zhuang subgroup is
separated, and clusters with the North townships of GH and GZ, which is generally in
concordance with the ethnic compositions of these two townships (see Table 3) and
therefore exhibits the expected sampling bias. However, the SD and YZ townships, where
Miao people form a higher composition than Zhuang people (see Table 3), are also clustered
with the Zhuang allele frequencies, yet the majority of patients in SD and YZ are Miao.
Thus, transmission of leprosy, as judged by allele frequencies, is related to geographical
proximity of townships beyond the ethnic distributions found locally. Based on the
branching on the dendrogram and the townships that cluster within each branch, it has been
possible to classify the population into three regions: North, South and East.

3.4. Principal component analysis (PCA) of M. leprae VNTR genotype data

PCA has been exploited in population genetics to reduce large amounts of measurements
into a few principal components. PCA can be used as a tool for detecting population
substructure, geographical associations, and migration patterns (Novembre and Stephens,
2008; Rendine et al., 1986). A PCA was performed on the allele frequencies for each of the
ethnicity and township subpopulations using all seven loci reported (Figure 3A, B).

The PCA plot of the townships recapitulates the associations detected by the dendrogram;
i.e., differentiation of the North, South and East townships. In addition, examination of the
corresponding loading plot for PC1 vs PC2 (Figure 3B) reveals the alleles that contribute to
the observed distribution of subpopulations. The North is distinguished by the frequency of
the following alleles: 9, 8, 11, 10, 9 for the loci (AC)9, 6-7, (AC)8a, (TA)10 and (GTA9),
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respectively (Figure 4). The genotype matching this set of alleles is found almost
exclusively in the North (12 North vs 1 South), though each individual allele can be found in
moderate proportions in other locations. In contrast, the distinguishing alleles in the South
are: 8, 9, 8, and 13 for the loci (AC)9, 6-7, (AC)8a, and (GTA)9, respectively (Figure 4).
These alleles predominate in the South, but not together as a dominant genotype. Therefore,
recent clonal genetic relationships are not obvious in the South.

3.5. Clustering of leprosy according to individual M. leprae VNTR genotypes

Clustering of pathogen genotypes has been used in the study of infectious diseases as a
means of estimating recent transmission against a background of the total strain types which
represents relapses, reactivation, immigrant, and emigrant cases. In general, as clustering
increases (pairs or larger groups of shared genotypes) transmission is assumed to be active.
Percent clustering is influenced by a number of sampling and test factors, such as the
method of DNA typing, the length of the study, and the age range of the individuals within
the study population. Nevertheless, it is a useful method when supported by epidemiological
investigations. (Houben and Glynn, 2009).

Samples were assigned into clusters on the basis of having identical, or highly similar,
genotypes. Percent clustering is reported as a lower bound due to the tendency of clustering
by the method of shared genotypes to underestimate actual percent clustering (Murray and
Alland, 2002). The potential impact of homoplasy when assigning clusters was not
considered, as it would not affect the total percent clustered. Classification of unclustered
cases as either relapse or immigrant cases was not investigated.

Under these assumptions, the lower bounds for percent clustering, based on a five locus
VNTR genotype, for both study periods are comparable (45.4 + 8.5% vs 50.7 + 5.8%) (Table
4). The data indicate that nearly half of the patients have M. leprae strains that are found in
at least one other patient, which implies active regional transmission. Though this is an
expected result, we find a more in-depth picture of transmission patterns than from case
detection alone.

In many subpopulations we see similar patterns of percent clustering and detection rate, in
that those with higher clustering percentage tend toward higher case detection rates.
However, this is not a universal correlation. The Miao detection rate is more than double
that of the Zhuang rate, yet the Miao percent clustering is approximately 23% lower than
that of the Zhuang. Assuming there is no nonhuman reservoir of M. leprae in the region
(Truman and Fine, 2010), this implies an underlying difference in the transmission patterns
across the two ethnic minorities exhibiting the most prominent health disparity in the
county.

3.6. Relationships to previously defined groups

In the previous study a set of genotypes indentified as A/B was shown to occur
predominately in the North (Weng et al., 2007). A minimum spanning network of genotypes
based on an infinite allele mutation model (not shown), again identified this transmission
supercluster (Groups A/B, Table 2). Members of the A group have not been reported since
2006, and may have died out, while the B group has expanded from 6 cases in 2002—2005 to
12 new cases during the 2006 to 2010 time frame. This further implies ongoing transmission
of community strains within the North part of the county. Interestingly, the allele at locus
(AC)9 of these strains is predominantly 9 repeats in GZ, and 8 or 10 in GH. A variant with a
10 at (AC)9 is seen in the adjacent BDS and SLY townships. Future monitoring may
provide valuable insight into the evolution of these community strains.
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3.7. Multicase families

Transmission of leprosy in family units remains a serious concern. From the total 164
enrolled cases, 53 belong to 23 multicase families. Eleven of these families were indentified
in the 2002-2005 study, while the remaining twelve where found in the 2006-2010 time
period.

Within the genotyped cases, 42% (19/45) of the Zhuang and 29% (17/59) of the Miao
detected cases are from multicase families. From the total genotype clusters 67% (14/21) of
them contain at least one multicase family patient (Table 2). Patients from families F1, F6,
F12, F13 and F17 exhibit a change of only one repeat in a single allele from other multicase
families in another cluster. This strongly implies an active transmission chain in, and
developing from, multicase families. However, not all multicase families appear to share the
same infection sources, as seen in multicase families F6 and F11 which show significant
genotypic differences. We hypothesize that the source of infection was outside the home, for
at least one patient, in each of these two family cases.

3.8. Relapse versus re-infection

During this study one case relapsed. However, this was not known at the time of sample
collection or VNTR analysis in the laboratory. Samples 152 and 450 are from the same
patient in the TX township, taken at different clinical episodes of leprosy (originally TT,
later BL form). The length of time between the first and second episode was approximately
5 years (Dec-03 to Oct-08). These two samples were not considered in the analysis of
genotypically clustered cases, though they appear in the Clustered section of Table 2. The
VNTR profiles indicate that relapse rather than re-infection was the cause of the second
episode of leprosy. The originally reported allele at locus 6-7 for sample 152 was 7 (Weng
et al., 2007), which differs from the value of 6 reported for sample 450 (Table 2). The alleles
for sample 152 were previously determined by sequencing, which can obscure mixed alleles.
FLA was performed to compare alleles in 152 and 450, which revealed mixed alleles at loci
6-7 and (AT)15 in sample 152 (Figure 5). However, concordance was seen among all other
loci tested and each allele in sample 450 was also present in sample 152. The patient
originally presented with TT type leprosy, which provides little genetic material for analysis.
The mixed allelic signatures in sample 152 may be due to poor quality of source DNA, but
may also reflect active evolution or co-infection wherein only one variant survived initial
treatment.

4. CONCLUSIONS

Pathogen genotyping and cluster analysis are means of identifying both recent and
unsuspected transmission, which can then be used to inform control programs on disease
trends and aid in the implementation of corrective measures (Scott et al., 2004).
Longitudinal VNTR strain typing of M. leprae in an endemic population, at first during a 43
month period (69 patients, though only 68 were previously reported) and extended by an
additional 51 months (95 patients), has been informative and instructive at multiple levels.
Though overall genetic diversity of M. leprae in Qiubei is minimal, by using an appropriate
selection of seven polymorphic VNTR loci we were able to identify clustered genotypes;
track the temporal, spatial, and ethnogeographic distribution of leprosy; observe VNTR
genotype evolution; and identify at-risk populations.

Within the sample size available for population level analysis, genotypes were not found to
significantly differ based on clinical form or patient gender. Geographical clustering was
evident, indicating that transmission continued to occur among people living within short
distances of each other (in the same or neighboring township). Certain regional strains of M.
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leprae continued to present, suggesting a lack of adequate control in the infected
populations. No major regional shifts in dominant alleles were seen between the two study
periods. The majority of genotype clusters (19/21) had samples from both study periods,
with multiple clusters (6/21) showing histories of longer than 2 years (Table 2). In
particular, the B group in the North continued to expand from 2004 through 2010. In one
patient, it was demonstrated that relapse, not reinfection, was the cause of disease recurrence
after 5 years.

Strain typing was performed using a single skin biopsy from each patient as the source of M.
leprae. As the majority of MCFs demonstrated shared genotypes, this implies that these skin
derived specimens represent the dominantly transmitted strain type, and perhaps the source
of infection. Job et al. have shown that untreated multibacillary patients shed M. leprae via
their skin and nasal secretions, and that close contacts are at risk for exposure to the
pathogen (Job et al., 2008). Allelic differences have been seen across bacterial samples
taken from dermal and nervous tissue (Young et al., 2004; Young et al., 2008), however the
transmissibility of M. leprae residing in nervous tissue remains to be clarified. Subtle
genotypic shifts were seen in some related strains, such as the (AC)8a allele in members of
MCFs F13 and F17 (Table 2). Of the seven loci mapped, the stutter prone locus (AT)15
(Table 2, Figure 5) had the greatest variability within MCFs and clusters.

The combination of epidemiological and molecular data was able to provide depth beyond
what either data set could provide alone. The epidemiological data revealed a disparity in the
leprosy burden across ethnic populations within Qiubei, with case detection rates of the
Zhuang and Miao significantly higher than that of the Han majority (Table 4). We were able
to capture a similar story with the molecular data; where, as an estimate of active
transmission, the percent of clustered genotypes for both the Zhuang and Miao also
surpassed the value for the Han majority (Table 4). Further, there were marked quantitative
distinctions between the case detection rates and percent of clustered genotypes that
extended the story. We found that although the detection rate among the Miao was higher
than that of the Zhuang, the percent of clustered genotypes among the Miao was lower; thus
implying a more fragmented transmission pattern among the Miao. Analogous to the
molecular clusters identified by VNTR strain typing, MCFs represent contact linked clusters
of infection. We found that the percent of MCFs among the Zhuang was similarly higher
than for the Miao, reinforcing the conclusion of a more fragmented transmission pattern
among the Miao. The underlying reason for the difference in transmission patterns is
unclear, but it may be rooted in geographic, socioeconomic and cultural factors.

Genotypic clustering serves as a method to measure the temporal concomitance of
transmission events. When overall clustering is high and individual clusters are large, a
recent pathogen invasion may be implied (Tanaka and Francis, 2006). In the townships of
the North, where the Zhuang form the majority, genotypic clustering was found to be
highest, and the largest observed supercluster, the A/B group, was found almost exclusively
in the North. In the South, clusters were smaller and genotypes were more diverse, implying
a more historical endemicity. Thus, the difference between the Zhuang and Miao
transmission patterns may be a product of geography, with the underlying cause being a
more recent introduction of leprosy in the Zhuang communities of the North. “Recent” must
be interpreted cautiously, as it may refer to a time long before the beginning of this study.

Chen et al. found that within endemic regions of China the median delay between self-
reported onset of symptoms and diagnosis is 23 months (Chen et al., 2000). The long delay
before treatment of symptomatic leprosy presents substantial opportunity for secondary
transmission of M. leprae. When socioeconomic development is slower, the delay in
treatment is significantly longer, likely due to less accessible health care systems (Chen et
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al., 2000). In the South, the pace of economic development is faster. As a consequence,
communication and transportation infrastructure is superior to that of the North, and more
employment opportunities outside farming exist, such as in the construction, service and
administrative fields (personal communication). Therefore, a difference in treatment delay
may also explain the difference in transmission patterns across ethnicities and regions (Shen
et al., 2010). Where health care accessibility may affect entire villages, as in the North,
community clusters may dominate. Shen et al. compared the case finding methods in China
and found that passive methods, such as skin clinics and referrals, contribute to fewer cases
in Southwestern endemic provinces than in the less endemic Eastern provinces (52.2% vs
83.7%) (Shen et al., 2010). In contrast, methods such as contact, clue and group surveys
resulted in more detected cases. Just as with patient access to care, active case detection is
dependent on adequate communication and transportation infrastructure. As such, regional
differences in the efficiency of case finding methods may also exist in Qiubei. In the North,
where cluster sizes are large, active case finding methods may need to be strengthened.

Another contributing factor may be local customs. Among the Zhuang in the North it is
common for extended families to live in adjoined community housing structures, while for
the Miao it is common for people to leave one place and move to another in search of
suitable farm land (personal communication). Families that live in closely connected
communities may share community strains, leading to higher percent clustering. Those
families that choose to relocate may carry local strains with them, and promote a higher
number of unclustered cases. This study has been based only in Qiubei and leprosy in
adjacent counties has not been explored. In a few family histories there is knowledge of
recent migration of patients or family members from Guangnan and Luxi counties. Women
traditionally relocate to the spouse’s family after marriage, which may also contribute to the
migration of people from one county or township to another, and promote the dispersal of
M. leprae genotypes. Detailed family histories may have been illuminating, but were not
undertaken, or feasible, for all patients. Further contributing culture factors may include
language barriers between ethnicities and amenability to BCG vaccination (personal
communication).

As seen by the overall concordance between molecular and epidemiologically derived
conclusions, VNTR strain typing can estimate transmission patterns when patient history
and demographic data are unavailable, though the greatest degree of resolution is found by
combining molecular and patient history data. The findings in this study provide adequate
validation for continued application of VNTRs, in contrast to the conclusions by Monot et
al. that VNTRs may be too dynamic for use as epidemiological markers in leprosy (Monot et
al., 2008). Recognizing that homoplasy and convergent evolution of VNTR are certainly
possible, this study shows that valuable information can be gained from longitudinal VNTR
strain typing. When closely and continuously monitored, VNTR strain typing may be used
to estimate the half-life of both strain types and individual alleles, and provide a means for
surveillance of transmission. Other candidate M. leprae microsatellite loci exist and
exploration of these additional loci may identify more distant relationships among the
currently unclustered strains (Zhang et al, 2005). Furthermore, universally adopting FLA as
the typing system would yield more rapid and economic typing of multiple samples, provide
a consistent framework for comparing the results of different studies, permit multiplexing of
loci, and allow for the detection of mixed allelic signatures (Kimura et al., 2009). We
conclude that VNTRs, when appropriately used, are sensitive tools for stain typing that have
sufficient resolution at the regional and community level where SNP types may be invariant.
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Figure 1. Leprosy case detection map of Qiubei County

A choropleth map showing the variation in case detection rate (per 100,000 persons per
year) and the approximate geographic location of each case and multicase family.
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Figure 2. Similarity dendrogram for M. leprae genotypes in Qiubei

The dendrogram is based on the distribution of allele frequencies for various subpopulation
definitions: gender [male, female], clinical type [TT, BT, BB, BL and LL], township of
residence [BDS, GH, GZ, JP, NJ, PZ, SD, SP, SLY, TX, WL, XD, YZ] and ethnicity
[Zhuang, Miao, Han, Yi]. The number of cases for each subpopulation is shown in
parenthesis.
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Figure 3A. The score plot for the first two principal components of M. leprae VNTR allele
frequencies classified according to patient ethnicity and township

Colored arrowhead symbols have been used for each of the townships of the North, South
and East regions with the direction of the arrowheads indicating region membership. The
first two principal components account for 46.1% of the variation in the data.

Figure 3B. The loading plot for the first two principal components of M. leprae VNTR allele
frequencies classified according to patient ethnicity and township
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The position of alleles on the loading plot corresponds to the location of townships and
ethnicities on the score plot. Alleles with similar directionality are positively correlated, and
the length of the projection line represents the magnitude of an allele’s contribution. Thus,
those alleles that are most casual to the distribution seen on the score plot will show similar
directionality from the origin when compared to subpopulations on the score plot. Here there
are a large number of alleles clustered in the center. These alleles are not informative at the
township or ethnicity subpopulation level, owing to lack of diversity or low overall
frequency. The colors of the projections highlight alleles having higher frequencies in
particular regions; East, North and South are shown in blue, green and red, respectively.
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Figure 4. Histogram of allele frequencies by region

The variation among alleles across the East, North and South regions is shown in blue, green
and red, respectively. Specific distinguishing alleles are indicated on the graph as a number
above the bar outline.
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Figure 5. Fragment length analysis chromatograms for the relapse patient

@ sample 450 (Oct-08)

The two samples shown are from a single patient, the first (152) from initial diagnosis of
leprosy and the second (450) from a second presentation approximately 5 years later. The
relevant peaks are shown for each locus used in this study. Peak intensities have been
adjusted for the sake of clarity, and non-informative dye colors have been grayed out. The
size of each fragment, in base pairs, is listed above the dominant peaks. Copy number
(allele) is listed below each peak. For loci 6-7 and (AT)15 multiple alleles are seen for
sample 152. Inset within each allelic peak in sample 450 (purple, full-height) is a perfectly
matched allele from sample 152 (green, half-height).
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Percent clustering is shown for township, ethnicity and clinical presentation subpopulations. The case

Table 4

Percent clustering of genotyped cases
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detection rate is also presented for comparison. The range of the 95% confidence interval is indicated as a £

value. A Cl is not listed for entries in parenthesis.

Subpopulation

Percent Clustered

Detection Rate

Total
2002-2005
2006-2010
North

GH

Gz

SD

YZ

South
BDS

JP

NJ

SLY

SP

X

XD

East

Pz

WL

Han

Miao

Zhuang
TT
BT
BB
BL
LL

485+ 4.8%
45.4 + 85%
50.7 +5.8%
65.4 +7.2%
(55.6%)
(80.0%)
(62.5%)
(40.0%)
37.1+6.3%
(33.3%)
(28.6%)
(25.0%)
(80.0%)
(21.4%)
(38.9%)
(50.0%)
37.5% + 18.8%
(0.0%)
(50.0%)
18.8% + 10.7%
441+71%
42.9+20.5%
66.7 + 7.7%
16.7 +16.7%
48.6+9.3%
33.3£29.9%
53.3 + 6.3%
44.4+18.2%

4.50
4.04
491
6.72
7.44
7.98
7.55
4.15
4.60
5.32
3.98
2.56
1.36
6.06
7.11
8.30
1.74
1.13
2.38
131
13.35
1.85
5.93
0.19
1.54
0.19
2.33
0.25
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