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In order to switch from IS6110 and polymorphic GC-rich repetitive sequence (PGRS) restriction fragment length polymorphism
(RFLP) to 24-locus variable-number tandem-repeat (VNTR) typing of Mycobacterium tuberculosis complex isolates in the na-
tional tuberculosis control program in The Netherlands, a detailed evaluation on discriminatory power and agreement with
findings in a cluster investigation was performed on 3,975 tuberculosis cases during the period of 2004 to 2008. The level of dis-
crimination of the two typing methods did not differ substantially: RFLP typing yielded 2,733 distinct patterns compared to
2,607 in VNTR typing. The global concordance, defined as isolates labeled unique or identically distributed in clusters by both
methods, amounted to 78.5% (n � 3,123). Of the remaining 855 cases, 12% (n � 479) of the cases were clustered only by VNTR,
7.7% (n � 305) only by RFLP typing, and 1.8% (n � 71) revealed different cluster compositions in the two approaches. A cluster
investigation was performed for 87% (n � 1,462) of the cases clustered by RFLP. For the 740 cases with confirmed or presumed
epidemiological links, 92% were concordant with VNTR typing. In contrast, only 64% of the 722 cases without an epidemiologi-
cal link but clustered by RFLP typing were also clustered by VNTR typing. We conclude that VNTR typing has a discriminatory
power equal to IS6110 RFLP typing but is in better agreement with findings in a cluster investigation performed on an RFLP-
clustering-based cluster investigation. Both aspects make VNTR typing a suitable method for tuberculosis surveillance systems.

DNA fingerprinting of Mycobacterium tuberculosis isolates has
been applied for the investigation of epidemiological links

between tuberculosis (TB) cases in several countries since DNA
typing techniques were developed in the early 1990s (1–4). In The
Netherlands, IS6110 restriction fragment length polymorphism
(RFLP) typing was used nationwide from 1993 until the end of
2008. Although RFLP typing revolutionized studies on the trans-
mission of M. tuberculosis, the method remained technically de-
manding and time consuming. The analysis of the complex IS6110
RFLP banding pattern requires a sophisticated computer applica-
tion and a high degree of expertise (5). Moreover, in the Nether-
lands, it took on average 44 days to the deliver the RFLP typing
result to the Municipal Health Services, after the isolate had
reached the laboratory (D. van Soolingen, personal communica-
tion). This major drawback significantly limited the usefulness of
DNA fingerprinting in routine examination of transmission, as it
in fact only offered retrospective confirmation of suspected epi-
demiological links. In 2006, 24-locus variable-number tandem-
repeat (VNTR) typing was favorably evaluated and proposed as
the new gold standard for typing of M. tuberculosis (6). In order to
switch from RFLP to VNTR typing in 2008 in the Netherlands, it
was considered necessary to establish a retrospective VNTR pat-
tern database of possible sources of infection for a preceding pe-

riod of 5 years. We therefore retyped isolates of all 3,975 culture-
confirmed TB cases diagnosed during the period of 2004 to 2008.
Since cluster investigation was routinely applied in The Nether-
lands on the basis of RFLP cluster results, this provided the unique
opportunity to compare, on a large population-based scale, the
validity of the clustering of cases on the basis of RFLP and VNTR
typing and to evaluate the latter, faster method to trace epidemi-
ological links.

MATERIALS AND METHODS
The cohort. The National Institute for Public Health and the Environ-
ment (RIVM) in Bilthoven, The Netherlands, serves as a reference labo-
ratory for the secondary laboratory diagnosis of all TB cases in The Neth-
erlands, offering identification, drug susceptibility testing, and molecular
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typing. During the period of 2004 to 2008, 3,975 M. tuberculosis isolates of
culture-confirmed TB cases were subjected to RFLP typing at the RIVM,
using a previously described protocol (1). For isolates with �5 copies of
IS6110, additional polymorphic GC-rich repetitive sequence (PGRS)
RFLP typing (7) was performed. The additional PGRS typing results were
combined with the IS6110 RFLP typing result to determine the clustering
of cases and to initiate a cluster investigation. Municipal health services in
the Netherlands conduct contact tracing and source case finding, accord-
ing to the “stone in the pond” principle (8), and also cluster investigations;
findings are reported to the national surveillance unit.

The lineages of the samples included were determined based on spo-
ligotyping or by the use of the MIRU-VNTRplus online database (www
.miru-vntrplus.org). Overall, 65% (n � 2,589) of the isolates belonged to
the Euro-American lineage, 9% (n � 373) to the East African-Indian
(EAI) lineage, 8% (n � 335) to the Central Asian strain (CAS) lineage, and
7% (n � 296) to the Beijing lineage of M. tuberculosis; 2% (n � 66)
represented Mycobacterium africanum and 2% (n � 65) M. bovis. The final
6% (n � 251) of the strains were assigned to the (sub)species Mycobacte-
rium canetti or M. caprae or remained unknown or unidentifiable to the
genotype family level.

VNTR typing. Purified DNA extracts of M. tuberculosis isolates were
subjected to VNTR typing, partly by GenoScreen (Lille, France) and partly
by the RIVM. Both entities performed 24-locus VNTR typing according
to the international standard (6). To monitor and ensure the quality and
mutual reproducibility, one negative control, DNA from two positive
controls with known VNTR profiles (M. tuberculosis strain H37Rv and M.
bovis BCG strain P3) and three blinded duplicates were included on each
96-well plate.

Computer and statistical analysis. BioNumerics software version
6.6.4 (Applied Maths, Belgium) was used for the analysis of molecular
typing results. IS6110 RFLP patterns were recorded as the fingerprint type,
and VNTR typing results as the character type.

The statistical significance was measured for the proportion of con-
firmed or presumed epidemiological links in the subgroup of isolates that
were clustered on RFLP and VNTR typing compared to the subgroup of
isolates clustered by RFLP but not by VNTR typing. A logistic regression
analysis was conducted to model the probability to find an epidemiolog-
ical link whether an isolate clustered by RFLP typing was confirmed or not
by VNTR typing. The relation between the epidemiological status and
reconfirmed status by VNTR typing within the same cluster was adjusted
for the cluster size and correlation of samples within the same cluster. The
models were fitted by using package Ime4 of the statistical software pack-
age R.

Clustering on the basis of RFLP and VNTR typing. For the compar-
ison of the two typing methods, differences in cluster distribution were
investigated, as well as the correlation of clustering with findings in a
cluster investigation. Because, until 2009, RFLP typing was applied in The
Netherlands, a cluster investigation was conducted only on the basis of
RFLP clustering of cases.

Two percent (85/3,975) of the isolates with a double allele in one of the
24 VNTR loci were treated as follows. For cases where separate consider-
ation of each of the two alleles resulted in one clustered and one unique
VNTR pattern or two clustered patterns, the clustered pattern(s) were
included (as two separated cases in the case of two clustered patterns) in
the total database for analysis of the correlation with the contact tracing
data. Isolates with �1 locus with double alleles were excluded from the
analysis.

A total of 52 isolates for which one or two VNTR loci could not be
amplified even after repeating the amplification in a single locus PCR were
included in the database and all analyses, with the missing loci indicated
with an “x” and treated as a specific allele in the pattern.

The concordance in clustering of cases between the two typing meth-
ods was calculated on the basis of (i) identical cluster compositions and
shared unique RFLP and VNTR profiles and (ii) concordance in labeling
as a “clustered” or “unique” isolate, regardless of the cluster composition.

For comparisons of deviating VNTR patterns of isolates within RFLP
clusters the VNTR pattern with the highest average similarity in the spe-
cific RFLP cluster was considered the reference pattern.

RESULTS

During the period of 2004 to 2008, a total of 3,975 culture-con-
firmed TB cases were diagnosed in The Netherlands and had their
isolates subjected to genotyping analysis. Over the 5-year period,
2.1% (n � 85) of the samples displayed a double allele in one of the
24 VNTR loci. When the results of these 85 isolates were analyzed
as two separate alleles and genotypes, 53 were unique in the data-
base by either of both alleles/genotypes. For 32 of the 85 cases, one
of the VNTR patterns found was clustered with at least one other
case, and in three cases, both VNTR patterns were clustered. As for
each of three latter cases, the two VNTR patterns were included in
the database, and the total number of VNTR patterns of isolates
for further analysis amounted to 3,978. Incomplete patterns, lack-
ing one or two alleles among the 24 loci, were detected in 52
(1.3%) of the cases in our database.

In total, for the 3,978 VNTR typing results, 2,607 different
VNTR types were detected compared to 2,733 distinct RFLP types.
In this data set, 47% (n � 1,857) of the isolates belonged to one of
the 486 VNTR clusters and 42% (n � 1,683) belonged to one of
the 438 clusters identified by RFLP typing. The distributions of the
cluster sizes on the basis of the two typing techniques are highly
similar, as depicted in Fig. 1.

Comparison of RFLP and VNTR typing results. The concor-
dance between the two typing techniques was 78.5% (n � 3,123),
as defined by 1,307 isolates identically clustered (i.e., with a same
cluster composition) and 1,816 unique isolates in both methods
(Table 1). For the remaining 855 isolates, 12% (n � 479) were
clustered only by VNTR, 7.7% (n � 305) only by RFLP typing, and
1.8% (n � 71) by both typing methods but in a different cluster
composition.

Cluster composition on the basis of RFLP and VNTR. Among
the 438 RFLP clusters, comprising 1,683 isolates, 58% (256 clus-
ters, including a total of 784 isolates) (Fig. 2) displayed identical
cluster sizes and composition by VNTR typing. An additional 47
RFLP clusters (11%) showed almost identical sizes and composi-
tions, with only one or more single cases of these clusters split off
by VNTR typing.

Twenty-eight (6%) of the 438 RFLP clusters, involving 302
cases, were subdivided by VNTR typing into two or three clusters

FIG 1 Distribution of cluster sizes obtained on the basis of RFLP (gray bars)
and VNTR (black bars) typing.
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each, with sizes ranging from 2 to 48 cases. One hundred seven
(24%) of the 438 RFLP clusters, comprising 241 cases, were sub-
divided into single VNTR patterns. Ninety (84%) of these 107
RFLP clusters consisted of only two cases.

Four hundred seventy-nine isolates, which exhibited unique
profiles in RFLP typing, were clustered by VNTR typing into 226
clusters. Of these, 65% (n � 148) represented “new” VNTR clus-
ters, as they consisted of isolates (n � 307) with unique RFLP
profiles only. The other isolates (n � 172) were grouped within 78
existing VNTR clusters.

The aforementioned scenarios also occurred vice versa. Out of
the 486 VNTR clusters, including 1,857 isolates, 51% (n � 241)
consisted of identically sized and composed RFLP clusters, 15%
(n � 71) consisted of one defined RFLP cluster enlarged by unique
RFLP cases, 4% (n � 21) were subdivided by RFLP typing into
“subclusters” in two to four cases, and 31% (n � 152), mostly (n �
118) including two isolates only, consisted of cases with unique
RFLP patterns.

Typing results in relation to cluster investigation. Informa-
tion on cluster investigation was available for 87% (n � 1,462) of
the isolates in RFLP clusters. Of these, the epidemiological link
with another cluster member was confirmed in 35% of the cases
(n � 514), there was a presumed link in 16% (n � 226) of the
cases, and no link was found in 49% (n � 722) of the cases. Nine-
ty-four percent (n � 484) of the isolates clustered by RFLP and
with a confirmed epidemiological link were also clustered in
VNTR typing. Among the isolates clustered by RFLP but with only
a presumed link, 88% (n � 200) proved clustered by VNTR typ-
ing. In contrast, only 64% (n � 462) of the isolates clustered by
RFLP but devoid of epidemiological links in cluster investigation
were clustered by VNTR typing (Fig. 3, top).

Among the 1,462 isolates in RFLP clusters, an epidemiological
link with another member of the cluster was confirmed or pre-
sumed in 51% (n � 740) of the cases. In the subgroup of 1,146
isolates that were clustered on the basis of both RFLP and VNTR
typing, the proportion of confirmed (n � 484) or presumed epi-
demiological links (n � 200) rose to 60% (Fig. 3, bottom). In
contrast, among the 316 cases clustered by RFLP but distinguished
from the cluster by a VNTR typing result, only 56 (18%) showed a
confirmed (n � 30) or presumed (n � 26) epidemiological link in
contact tracing. This difference in percentage is statistically highly
significant (P � 0.001).

VNTR locus differences among RFLP clustered cases. In to-
tal, 21% (n � 359) of all 1,683 isolates clustered by RFLP were split
off from their respective cluster on the basis of the VNTR typing
result, and this involved 300 different VNTR patterns. The distri-
bution of the number of loci by which the pattern deviated from

the reference pattern in the cluster is shown in Fig. 4 (top). Single-
locus variations were detected for 118 VNTR patterns. The pat-
terns that diverged by more than two loci were not related to
isolates of specific genotypes or phylogenetic groups on the basis
of their RFLP patterns.

For the single-locus variant (SLV) and the multilocus variant
(MLV) patterns, the loci that were mostly responsible for isolates
being split off their RFLP clusters on the basis of the VNTR pattern
difference are the loci with genome position numbers 2163, 4052,
and 3690. For MLV patterns, changes were also frequently seen in
locus 802 and 2996 (30% and 17% of the patterns, respectively)
(Fig. 4, bottom).

Interestingly, the number of loci that differed in isolates split
off from their RFLP cluster by a unique VNTR pattern was asso-
ciated with the strength of the epidemiological links observed for
the respective patients. Epidemiological link data were available
for 87% (n � 311) of the isolates split off their RFLP clusters by
VNTR typing. In isolates of patients with proven epidemiological
links that were split off by VNTR typing (n � 19), we found a
single-locus variation in 74% (n � 14) of the isolates and �1 locus
variation in the remainder (26%; n � 5). In contrast, the percent-
age of �1 locus variation rose to 61% (n � 11) among isolates of
patients with presumed links only and 71% (n � 103) of isolates
from patients without epidemiological links (Fig. 5).

DISCUSSION

This report represents the first nationwide, surveillance program-
based comparative study of RFLP and VNTR typing, integrating
full population coverage over a 5-year time period and extensive
epidemiological data. The comparison of the typing results of
3,978 M. tuberculosis isolates showed an overall concordance in
clustering of 79% and highly similar discriminatory power in the
two methods (2,607 versus 2,733 distinct patterns, respectively).
Such a concordance is consistent with linkage between markers
expected from the clonal evolution of Mycobacterium tuberculosis
(9, 10). The expectable remaining 21% reflect the stochastic com-
ponent in the respective evolution of the independent molecular
markers used.

FIG 2 Composition of RFLP clusters by VNTR typing. In total, 69% of the
RFLP clusters showed a completely identical (n � 256) or similar (n � 47; with
only one or more single cases split off by a distinct VNTR pattern) composition
by VNTR typing. For 24% (n � 107) of the RFLP clusters, VNTR typing
resulted in sets of only unique patterns, whereas 6% (n � 28) of the RFLP
clusters were subdivided into 2 or 3 VNTR clusters.

TABLE 1 Comparison of clustering on the basis of RFLP and VNTR
typing results of 3,978 M. tuberculosis isolates in The Netherlands,
2004 –2008

VNTR

TotalCluster Unique

RFLP
Cluster 1,378a 305 1,683
Unique 479 1,816 2,295
Total 1,857 2,121 3,978

a Seventy-one RFLP- and VNTR-clustered isolates showed different cluster
compositions in RFLP and VNTR typing.
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We detected a slightly higher level of discriminatory power of
RFLP compared to VNTR typing (i.e., more distinct RFLP types),
and hence, more clusters were identified by VNTR typing. How-
ever, this result does not reflect a comparison between only IS6110
RFLP and VNTR typing, because additional PGRS RFLP typing
was used for strains with �5 copies of IS6110 (n � 358). Never-
theless, it is consistent with those of previous comparative studies
that were performed at regional (11), population-based scales (12)
or at a national level (13), which showed slightly higher to slightly
lower discriminatory power of VNTR versus IS6110 RFLP typing.

Importantly, cases with isolates that were clustered by both
VNTR and RFLP typing had significantly more confirmed or pre-
sumed epidemiological links than cases with isolates clustered by
RFLP only. Most (82%) split-offs by VNTR of isolates previously
clustered by RFLP occurred in clusters without an epidemiologi-
cal link or without epidemiological information, and this finding
was in agreement with findings in a previous regional study in The
Netherlands (14). Of note, 71 isolates (2% of the data set) were

split off from RFLP clusters by VNTR typing and formed new
VNTR-based clusters or expanded existing VNTR clusters. For
82% (n � 58) of the isolates in this subset, no epidemiological link
could be detected on the basis of the originally identified RFLP
clusters. Taken together, these findings suggest that VNTR typing
results could, in general, be in better agreement with the true chain
of transmission than the RFLP typing results were. Yet, this can
only be confirmed by a renewed source case investigation on the
basis of the VNTR cluster information.

In contrast, we found no clustering by VNTR typing in only 6%
of the cases with proven epidemiological links. This is in line with
the rate of change (4.9%) among VNTR patterns found among
sets of epidemiologically linked or serial isolates (6). Most (74%;
n � 14) of the changes seen between isolates with proven epide-
miological links were consistently restricted to single-locus varia-
tions, again in general agreement with previous findings (15).
These changes most likely reflect limited genetic drift among these
markers in clonal populations during disease progression and
transmission. Consistently, this drift was observed most fre-
quently in VNTR loci that are in general the most variable in
various strain populations, such as loci with genome positions
2163b and 4052 (6).

As the cluster investigation was performed only on the basis of
RFLP clustering, we cannot formally evaluate the epidemiological
significance of the newly formed clusters on the basis of VNTR
typing that were not found as such by RFLP typing. However, we
can estimate the impact of the slight overclustering by VNTR typ-
ing. We found that 479/3,978 (12%) isolates were clustered on the
basis of VNTR typing, where they earlier revealed unique RFLP
patterns, but also found that 305 (8%) isolates that were clustered
in RFLP typing had unique VNTR patterns. This will predictably
result in a 12% (174 [479 � 305] of the total 1,462 RFLP-clustered
cases for which a cluster investigation has been performed) in-
crease in source case-finding activities. This may be worth execut-
ing because clustering on the basis of VNTR typing seems in better
agreement with findings in conventional contact tracing. This will
most likely optimize the yield of confirmed epidemiological links
in the future. From a TB control perspective, the slightly lower
discriminatory power in VNTR typing (i.e., bias toward cluster-
ing) could therefore be considered preferable over a bias to non-
clustering in RFLP typing. Failure to recognize TB transmission,
on the basis of typing results, may result in less source case finding
and contact tracing and may enable further transmission of M.
tuberculosis.

To improve the discriminatory power of molecular typing of
M. tuberculosis isolates by VNTR typing, spoligotyping could be
used in combination with this, as it has been shown to result in
slightly increased discriminatory power in regional studies (11, 12,
16). Additional hypervariable VNTR loci have also been investi-
gated and were recommended especially for high-incidence set-
tings where the Beijing genotype is prevalent (15, 17). However,
Beijing genotype strains only make up about 7% of the current
data set and thus are not the full explanation for the extent of
discrepancies observed between RFLP and VNTR typing.

The switch to VNTR typing also has several technical advan-
tages. First, VNTR typing is less time-consuming and provides a
faster time to result, because the technique is based on DNA am-
plification and thus requires far less DNA (i.e., less biomass) and
requires hardly any culture delay, in contrast to RFLP typing. Sec-
ond, the results of VNTR typing are in a simple format, which

FIG 3 (Top) RFLP-clustered isolates (n � 1,462) divided by cluster inves-
tigation results, classified as confirmed, presumed, and no epidemiological
link. For each segment, the distribution of confirmed clustering by VNTR
typing is shown. (Bottom) Percentages of confirmed or presumed epide-
miological links for RFLP-clustered cases. Isolates with and without
VNTR-supported clustering.
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facilitates a simple exchange of typing information and interlabo-
ratory comparison. Third, VNTR typing is much easier to perform
and can be implemented more efficiently (13). These advantages
are in agreement with the implementation of VNTR typing for the
outbreak detection of methicillin-resistant Staphylococcus aureus
(MRSA) (18) and Salmonella enterica (19).

The switch to VNTR typing also had down sides. The first

round of worldwide proficiency testing initiated by our laboratory
within the framework of an ECDC project revealed that both the
intralaboratory and interlaboratory reproducibilities are to be im-
proved in a number of laboratories, indicating the need for careful
implementation (20). Moreover, new patient cluster identifica-
tion numbers and compositions resulting from the discordances
with RFLP typing introduced a major challenge for the TB units of
the Municipal Health Services.

However, with a concordance of 78.5%, a strong suggestion
that VNTR typing results are more in line with the true chains of
transmission than the RFLP typing and the technical advantages
of VNTR typing, we conclude that VNTR typing is more suitable
than RFLP typing of M. tuberculosis in national tuberculosis sur-
veillance programs, such as that in The Netherlands. We expect
that the use of this method will ensure the transition until whole-
genome sequencing, which provides the ultimate level of discrim-
ination and is under evaluation for its feasibility and impact (21,
22), will become cost effective in routine TB molecular-guided
control and surveillance.
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