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A new commercially available DNA strip assay (GenoType Mycobacterium CM/AS; Hain Lifescience,
Nehren, Germany) was evaluated for the ability to differentiate mycobacterial species. The test is based on a
PCR technique targeting a 23S rRNA gene region, followed by reverse hybridization and line probe technology.
The GenoType CM is capable of identifying 23, the GenoType AS a further 14, species either alone or in
combination with one or more species. Both tests were evaluated with 156 mycobacterial strains composed of
61 validly published species including different subspecies, 6 not validly published species, and 3 strains other
than mycobacterial species. All strains were precharacterized by sequencing of the 5� region of the 16S rRNA
gene and biochemical tests. In total, results for 151 strains were interpretable. Concordant results were
obtained for 137 (92.6%) of 148 mycobacterial strains with the CM assay and 133 (89.9%) of 148 mycobacterial
strains with the AS assay, and all three non-Mycobacterium species were identified.

In recent years, the number of validly described mycobac-
terial species has increased markedly. The reasons for this
are manifold, as some species such as Mycobacterium genavense
have newly been identified in immunosuppressed patients,
but also include improved culture and detection techniques.

The identification of mycobacteria responsible for a disease
and the discrimination of environmental from pathogenic species
are relevant diagnostic issues that have important ramifications
for the treatment of patients (14, 30). Since identification to the
species level of more than 100 mycobacterial species by classical
biochemical methods is too time-consuming and error prone, the
introduction of molecular biological methods has greatly im-
proved the speed and accuracy of the process. New DNA se-
quence-based techniques for the identification of mycobacteria
have been developed during the past 10 years, such as DNA
sequencing (3, 4, 11), pyrosequencing (29), PCR-restriction frag-
ment length polymorphism assays (6, 26, 27), real-time PCR as-
says (21), oligonucleotide arrays (10), and commercially available
tests such as the AccuProbe (Gen-Probe Inc., San Diego, Calif.).
Most of these methods require either expensive equipment or
extensive expert knowledge or are restricted to a limited number
of species that can be identified.

Recently, DNA strip assays for the identification of my-
cobacteria to the species level have been developed, i.e.,
the INNO-LiPA MYCOBACTERIA v2 (Innogenetics N.V.,
Ghent, Belgium) and GenoType Mycobacterium (Hain Life-
science GmbH, Nehren, Germany) assays. These assays are
based on reverse hybridization of a PCR product to a nitro-
cellulose strip with immobilized probes for different mycobac-
terial species. The INNO-LiPA MYCOBACTERIA v2 assay
targets the 16S-to-23S rRNA gene spacer region and provides
the identification of 16 different species, whereas the GenoType
assay, targeting the 23S rRNA gene region, provides the simul-

taneous identification of 13 different mycobacterial species. Some
evaluation studies have demonstrated the usefulness of both as-
says for the easy and rapid identification of the majority of com-
mon mycobacteria isolated from clinical specimens (7, 9, 19, 20).

In order to broaden the detection range of mycobacterial
species, a new version of the GenoType assay (also targeting
the 23S rRNA gene) has been developed, i.e., the combined
GenoType Mycobacterium CM/AS assays (CM, common my-
cobacteria; AS, additional species), which are executed con-
secutively. The CM assay enables the simultaneous identifica-
tion of species, including the most relevant M. tuberculosis
complex, members of the M. avium complex, M. kansasii, and
M. chelonae. Additionally, the second (AS) test provides the
identification of species that are found more infrequently, such
as M. simiae, M. mucogenicum, and M. celatum. Thus, serial use
of the two strips is aimed to identify 35 different patterns, of
which 23 patterns can be assigned to single species, 8 patterns
are allocated to two or more Mycobacterium species, and 4
patterns correspond to Mycobacterium species and gram-posi-
tive bacteria with a high G�C content.

The objective of this study was to assay whether a variety of
relevant mycobacterial strains correctly match the GenoType
Mycobacterium CM/AS pattern by investigating 156 strains
composed of 83 different species or subspecies. These strains,
all identified to the species level, were selected to represent a
broad variety of strains. The applicability of the assay in a
mycobacterial routine laboratory is discussed.

MATERIALS AND METHODS

Strains analyzed. A set of 156 clinical isolates derived from different patients
(n � 153) or cows (n � 3) between 1999 and 2004 was analyzed (Table 1). The
samples were selected by the following criteria. At least two strains of all species
that are detectable with any of the assays were included and tested with both the
CM and AS assays. If available, at least two samples of subspecies were selected
for the tests. Furthermore, strains that were not detectable with both assays were
also included. These strains were composed of validly published mycobacterial
species, other mycobacterial strains characterized only by their 16S rRNA gene
sequences, and some other closely related species of the genera Corynebacterium,
Nocardia, and Rhodococcus (Table 1).
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TABLE 1. Identification of mycobacteria by GenoType Mycobacterium CM and AS assays

Mycobacterium
speciesa

No. of
strains

GenoType CM results GenoType AS results

Band patternk Identification Band patternk Identification

M. tuberculosis complexb 14 1, 2, 3, 10, 16 M. tuberculosis complex 1, 2, 3 Mycobacterium sp.
M. aviumc 5 1, 2, [3], 4 M. avium subsp. 1, 2, [3] Mycobacterium sp.
M. chelonae 2 1, 2, 3, 5, 10 M. chelonae-M. immunogenum 1, 2, 3, 12 Mycobacterium sp.
M. immunogenum 2 1, 2, 3, 5, 6, 10 M. abscessus-M. immunogenum 1, 2, 3, 12 Mycobacterium sp.
M. abscessus 2 1, 2, 3, 5, 6, 10 M. abscessus-M. immunogenum 1, 2, 3, 12 Mycobacterium sp.
M. fortuitum 3 1, 2, 3, 7, 14 M. fortuitum 1, 2, 3 Mycobacterium sp.
M. fortuitum 1 1, 2, 7, 14 M. fortuitum 1, 2, (6), (14) Gram�, high G�C content j

(M. smegmatis)
M. fortuitum 2 1, 2, 3, 7 M. fortuitum-M. mageritense 1, 2, 3 Mycobacterium sp.
M. mageritense 1 1, 2, 3, 7 M. fortuitum-M. mageritense 1, 2, 3 Mycobacterium sp.
M. gordonaed 7 1, 2, 3, 8, 10 M. gordonae 1, 2, 3 Mycobacterium sp.
M. gordonae II 1 1, 2, 3, 8, 10 M. gordonae 1, 2, 3, 12 Mycobacterium sp.
M. intracellularee 7 1, 2, [3], 9 M. intracellulare 1, 2, [3] Mycobacterium sp.
M. intracellulare serovar 7 1 1, 2, 3 Mycobacterium sp. 1, 2, 3 Mycobacterium sp.
M. scrofulaceum 2 1, 2, [3], 9, 10 M. scrofulaceum-“M. paraffinicum” 1, 2, [3], 12 Mycobacterium sp.
“M. paraffinicum” 2 1, 2, 3, 9, 10 M. scrofulaceum-“M. paraffinicum” 1, 2, 3, 12 Mycobacterium sp.
M. interjectum 1 1, 2, 3, (9), 10, 11 M. interjectum 1, 2, 3, 12 Mycobacterium sp.
M. kansasiif 4 1, 2, [3], (9), 10, 12 M. kansasii 1, 2, [3], 10, 12 M. kansasii
M. kansasii III and VI 2 1, 2, [3], (9), 10, 12 M. kansasii 1, 2, [3], 9, 10, 12 Mycobacterium sp., pattern

not attributable
M. kansasii VI 1 1, 2, 3, (9), 10,

(12, 13)
Mycobacterium sp., pattern not

attributable
1, 2, 3, (10, 12) Mycobacterium sp.

(M. kansasii)
M. malmoense 2 1, 2, 3, 10, 13 M. malmoense-M. haemophilum-

M. palustre-M. nebraskense
1, 2, 3, 12 Mycobacterium sp., not

M. haemophilum-
M. M. nebraskense

M. haemophilum 2 1, 2, 3, (9), 10, 13 M. malmoense-M. haemophilum-
M. palustre-M. nebraskense

1, 2, 3, 9, 12 M. haemophilum,
M. nebraskense, not
M. malmoense-M. palustre

M. palustre 2 1, 2, 3, 10, 13 M. malmoense-M. haemophilum-
M. palustre-M. nebraskense

1, 2, 3, 12 Mycobacterium sp., not
M. haemophilum-
M. nebraskense

M. nebraskenseg 1 1, 2, 3, 10, 13 M. malmoense-M. haemophilum-
M. palustre, M. nebraskense

1, 2, 3, 9, 12 M. haemophilum,
M. nebraskense, not
M. malmoense-M. palustre

M. peregrinum 2 1, 2, 3, 14 M. peregrinum-M. septicum-
M. alvei

1, 2, 3 Mycobacterium sp.

M. alvei 2 1, 2, 3, 14 M. peregrinum-M. septicum-
M. alvei

1, 2, 3 Mycobacterium sp.

M. marinum 2 1, 2, 3, 10, 15 M. marinum-M. ulcerans 1, 2, 3, 12 Mycobacterium sp., not
M. ulcerans

M. ulcerans 2 1, 2, 3, 10, 15 M. marinum-M. ulcerans 1, 2, 3, 11, 12 M. ulcerans
M. xenopi 3 1, 2, 3, (10), 17 M. xenopi 1, 2, 3, (12) Mycobacterium sp.
M. simiae 2 1, 2, 3 Mycobacterium sp. 1, 2, 3, 4, 6 M. simiae
M. mucogenicum 3 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 5, 12 M. mucogenicum
M. smegmatis 2 1, 2, 3 Mycobacterium sp. 1, 2, 3, 6, 14 M. smegmatis
M. goodii 1 1, 2, 3 Mycobacterium sp. 1, 2, 3, 5, 6, 14 M. goodii
M. celatum I and III 2 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 6, 12, 14 M. celatum
M. celatum II 2 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. heckeshornense 1 1, 2, 3 Mycobacterium sp. 1, 2, 3, 7, 10, 12 M. heckeshornense
M. szulgai 2 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 8, 12 M. szulgai-M. intermedium
M. intermedium 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 8, 12 M. szulgai-M. intermedium
M. phlei 2 1, 2, 3 Mycobacterium sp. 1, 2, 3, 8, 16 M. phlei
M. gastri 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12, (13) M. gastri
M. lentiflavum 2 1, 2, 3 Mycobacterium sp. 1, 2, 3, 6, 16 M. lentiflavum
M. asiaticum 3 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12, 15 M. asiaticum
M. shimoidei 2 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12, 16 M. shimoidei
M. genavense 2 1, 2, 3 Mycobacterium sp. 1, 2, 3, 14, 17 M. genavense
M. neoaurum 2 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. bohemicum 2 1, 2, 10 Gram�, high G�C content j 1, 2, 12 Gram�, high G�C content j

M. sphagni 1 1, 2 Gram�, high G�C content j 1, 2, (6), (10) Gram�, high G�C content j

M. gilvum 2 1, 2, 3 Mycobacterium sp. 1, 2, 3 Mycobacterium sp.
M. flavescens II-

M. novocastrense
4 1, 2, 3 Mycobacterium sp. 1, 2, 3 Mycobacterium sp.

M. elephantis-M. pulveris 2 1, 2 Gram�, high G�C content j 1, 2 Gram�, high G�C content j

M. holsaticum 1 1, 2 Gram�, high G�C content j 1, 2 Gram�, high G�C content j

M. branderi 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. nonchromogenicum 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. hassiacum 3 1, 2, 3 Mycobacterium sp. 1, 2, 3 Mycobacterium sp.
M. triplex 1 1, 2, 3 Mycobacterium sp. 1, 2, 3 Mycobacterium sp.
M. hiberniae 1 1, 2, 3 Mycobacterium sp. 1, 2, 3 Mycobacterium sp.
M. diernhoferi 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. tokaiense-M. murale 1 1, 2, 3 Mycobacterium sp. 1, 2, 3 Mycobacterium sp.
M. kubicae 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.

Continued on following page
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Genotypic characterization. Samples included in the study were selected by
routine identification testing of mycobacteria. They were derived from different
culture media (liquid or solid). From solid medium, one loopful of cells was
suspended in 400 �l of distilled water, boiled for 20 min, and sonicated for 15
min. Cells from liquid medium were prepared in the same way but with a
preceding centrifugation step. For this, 1 ml of liquid culture medium was
centrifuged (10,000 � g, 15 min, room temperature), the supernatant was dis-
carded, and the pellet was suspended in 300 to 500 �l of distilled water. All of the
samples were stored at �20°C before further use.

The samples were analyzed by DNA sequencing of the first 500 bp of the 5� region
of the 16S rRNA gene as described by Richter and colleagues (17). If identification
on the basis of differences in the 16S rRNA gene sequence was not possible,
additional analysis of the hsp65 gene (27) or the presence of a specific insertion
element was performed (23). M. tuberculosis complex strains were differentiated by
the GenoType MTBC assay (Hain Lifescience GmbH, Nehren, Germany).

GenoType CM/AS assay. The GenoType Mycobacterium CM/AS assay was per-
formed as recommended by the manufacturer. Briefly, for amplification 35 �l of a
primer-nucleotide mixture (provided with the kit), amplification buffer containing
2.5 mM MgCl2, 1.25 U of hot start Taq polymerase (QIAGEN, Hilden, Germany),
and 5 �l of the heat-inactivated suspension in a final volume of 50 �l was used. The
amplification protocol consisted of 15 min of denaturing at 95°C, followed by 10
cycles comprising 30 s at 95°C and 120 s at 58°C, an additional 20 cycles comprising
25 s at 95°C, 40 s at 53°C, and 40 s at 70°C, and a final extension at 70°C for 8 min.
Hybridization and detection were performed in an automated washing and shaking
device (Profiblot; Tekan, Maennedorf, Switzerland). The program was started after
mixing 20 �l of the amplification products with 20 �l of denaturing reagent (pro-
vided with the kit) for 5 min in separate troughs of a plastic well. Automatically, 1 ml
of prewarmed hybridization buffer was added, followed by a stop to put the mem-
brane strips into each trough. The hybridization procedure was performed at 45°C
for 0.5 h, followed by two washing steps. For colorimetric detection of hybridized
amplicons, streptavidin conjugated with alkaline phosphatase and substrate buffer
was added. After a final washing, strips were air dried and fixed on paper. Each CM
and AS strip contains 17 probes including amplification and hybridization controls to

verify the test procedures (Fig. 1). With the CM assay, 15 patterns can be obtained
from 23 species (10 individually and 13 in combination), and with the AS assay, 16
patterns can be obtained from 18 species (12 individually and 2 in combination). In
the cases of M. marinum and M. ulcerans, the CM assay shows the same pattern for
the two species, but with the serial use of the AS assay the two species can be
resolved (Fig. 2). The M. marinum-M. ulcerans pattern in the CM assay was counted
as a pattern representing individual species, since it can be resolved with the AS test.
A total of 23 patterns attributable to 22 individual species and 8 patterns represent-
ing 15 species in combinations of 2 to 4 species can be obtained. In addition, each
assay includes two patterns with an amplification control specific for the genus
Mycobacterium and one for the detection of all known mycobacteria and members of
the group of gram-positive bacteria with a high G�C content.

Evaluation of the assays was accomplished with a beta version of the kit. In the
now commercially available version, the banding pattern was rearranged in order
to avoid misinterpretation of identical results of the CM and AS assays. After
rechecking of selected samples, we adapted our results to the current interpre-
tation chart.

RESULTS

In this study, 156 clinical isolates composed of 83 different
species isolated in Germany between 1999 and 2004 were in-
cluded. The CM/AS assay is based on a multiplex PCR target-
ing species-specific DNA regions combined with a reverse hy-
bridization format (DNA strip). The specific patterns are
composed of obligatory and additional facultative stainings
that can be visually identified by clear-cut hybridization signals
on the membrane strips (Fig. 1). Examples of typical test re-
sults are shown in Fig. 2. Whereas the CM assay allows the
identification of at least the most relevant mycobacterial spe-

TABLE 1—Continued

Mycobacterium
speciesa

No. of
strains

GenoType CM results GenoType AS results

Band patternk Identification Band patternk Identification

M. thermoresistibile 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. triviale 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. chlorophenolicum 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. heidelbergense 1 1, 2, (3), 10 Mycobacterium sp. 1, 2, (3), 12 Mycobacterium sp.
M. chitae 1 1, (2) Gram�, high G�C content j 1, (2) Gram�, high G�C content j

“M. engbaekii”g 1 1, 2, 10 Gram�, high G�C content j 1, 2, 12 Gram�, high G�C content j

M. terrae 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. terrae group isolateg 3 1, 2, (3), 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.
M. parascrofulaceumg 1 1, 2, 3, 9, 10 M. scrofulaceum-“M. paraffinicum” 1, 2, 3, 12 Mycobacterium sp.
Mycobacterium sp. strain

MCRO6 g
2 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.

Mycobacterium sp. strain
IWGMT 90174 g

1 1, 2, 10 Mycobacterium sp. 1, 2, 12 Mycobacterium sp.

Mycobacterium sp. strain
IWGMT 90242h

2 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 12 Mycobacterium sp.

M. triplexi -like 1 1, 2, 10 Mycobacterium sp. 1, 2, 12 Mycobacterium sp.
“Mycobacterium sp. strain I5”g 1 1, 2, 3, 10 Mycobacterium sp. 1, 2, 3, 6, 10, 12 M. celatum
Corynebacterium amycolatumg 1 1, 2 Gram�, high G�C content j 1, 2 Gram�, high G�C content j

Nocardia nova g 1 1, 2 Gram�, high G�C content j 1, 2 Gram�, high G�C content j

Rhodococcus equi g 1 1, 2 Gram�, high G�C content j 1, 2 Gram�, high G�C content j

a Strain identification is a result of 16S rRNA gene sequencing analysis (17), GenoType MTBC, and conventional biochemical tests.
b M. tuberculosis complex strains composed of M. tuberculosis (n � 3), M. bovis subsp. bovis (n � 3), M. bovis subsp. caprae (n � 2), M. bovis BCG (n � 2), M. africanum

(n � 2), and M. microti (n � 2).
c M. avium strains composed of M. avium subsp. avium (n � 3) and M. avium subsp. paratuberculosis (n � 2).
d M. gordonae composed of M. gordonae I (n � 2), M. gordonae II (n � 4), and M. gordonae III (n � 1).
e M. intracellulare composed of M. intracellulare (n � 4), M. intracellulare serotype 7 (n � 1), and M. intracellulare serotype 18 (n � 2).
f M. kansasii composed of M. kansasii sequevars I (n � 1), I or IV (n � 2), and II (n � 1).
g Strain identification based on sequencing of the first 500 bp of the 16S rRNA gene: “M. engbaekii” (accession number X88919), M. terrae group isolate (accession

number AY215363), M. parascrofulaceum (accession number AF152559), MCRO6 (accession number X93032), Mycobacterium IWGMT 90174 (accession number
X88908), “Mycobacterium sp. strain I5” (accession number AY177352), Nocardia nova (accession number AY191250), Corynebacterium amycolatum (accession number
AY831726), and Rhodococcus equi (Corynebacterium equi) (accession number X80614).

h Mycobacterium sp. strain IWGMT 90242 (accession number X88919) (n � 2).
i The first 500 bp of the 16S rRNA gene are identical to those of Mycobacterium triplex (accession number AY215367), except for two T-C exchanges at bp 202 and

265 (Escherichia coli numbering system).
j Detection of mycobacteria and gram-positive bacteria with a high G�C content in their DNA.
k Brackets, band sometimes missing; parentheses, signal of minor intensity.
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cies, the AS assay is designed to identify further mycobacterial
species.

For 151 out of 156 strains, an interpretable result was ob-
tained after performing the CM and AS assays. Five strains

(one strain each of M. kansasii, M. mucogenicum, M. interjec-
tum, M. heckeshornense, and M. genavense) showed neither a
positive conjugate control line, nor the universal control line,
nor species-specific lines. Since at least the conjugate control

FIG. 1. Interpretation chart for the Genotype CM (A) and AS (B) assays. The specificities of the lines are (from top to bottom) as follows: 1,
conjugate control (CC); 2, universal control (UC); 3, genus control (GC); 4 to 17, specific probes for the identification of individual and combined
mycobacterial species. Superscripts: a, gram-positive bacteria with a high G�C content in their DNA; b, also identical pattern for M. palustre and
M. nebraskense. Filled boxes, staining; striped boxes, facultative staining; gray boxes, facultative weak staining; blank boxes, no staining.

1772 RICHTER ET AL. J. CLIN. MICROBIOL.



and the universal control line must be positive for a valid
result, these five strains were excluded. For all other strains,
each band number, which was positive on the CM or AS strip,
was noted and the patterns were evaluated to determine the
Mycobacterium species according to the interpretation chart
provided by the manufacturer (Fig. 1 and Table 1).

Results of the CM assay. Of 76 strains for which a specific
pattern was expected with the CM assay, 74 strains (97.4%)
developed the expected pattern (Table 1). Only two substrains
(M. intracellulare serovar 7 and M. kansasii sequevar VI) were
not correctly identified by the CM assay. For those strains
which were not expected to yield a specific pattern by the assay,
the correct result was obtained for 66 (88.0%) out of 75 strains.
Mycobacterium sp. strain IWGMT 90242, an M. avium-like
strain (31), was correctly negative for the M. avium and M.
intracellulare probes and only identified as Mycobacterium sp.
For M. parascrofulaceum, a species closely related to M. scrofu-
laceum, a false result (CM pattern, M. scrofulaceum-“M.
paraffinicum”) was achieved (Table 1). For eight strains (six
species), recognition as mycobacterial species failed since these
strains were only recognized as members of the group of gram-
positive bacteria with a high G�C content in their DNA but
not as mycobacteria species characterized by specific band 3.
The three nonmycobacterial species tested were correctly iden-
tified as gram-positive bacteria.

Results of the AS assay. Of the 28 strains included in this
study that were expected to produce specific individual or
combined patterns in the AS test, 26 strains (92.9%) showed
the expected patterns (Table 1). Whereas M. celatum I and III
strains were correctly reactive with the specific M. celatum
probes, the two M. celatum II strains were negative. With the
AS assay, the definite identification of M. marinum and M.
ulcerans could be resolved by a specific probe reacting with M.
ulcerans but not with M. marinum (Fig. 2). In the case of an
M. marinum strain, the omission of the M. ulcerans band indi-
cates the presence of M. marinum. Further differentiation of
the M. haemophilum-M. nebraskense-M. malmoense-M. palustre
group is possible with a specific probe of the AS assay reacting
with M. haemophilum and M. nebraskense only and not with M.
malmoense or M. palustre.

The results of the AS assay for species that are identifi-
able with the CM assay only should be Mycobacterium sp.
This was obtained for 110 out of 123 strains. One M. fortuitum
strain missed specific band 3, the genus control, and was
thus identified as a gram-positive bacterium with a high
G�C content but not as a Mycobacterium sp. Furthermore,
a weak hybridization signal for M. smegmatis could be ob-
served with this strain, which may be explained by cross-
hybridization. However, because of the instructions of the
manufacturer, the signal was too weak for validation. The
only species that is identifiable by both tests is M. kansasii.
Whereas most of the subspecies could be clearly identified
as M. kansasii also in the AS assay, strains of M. kansasii
sequevars VI and III reacted with probes other than that
specific for M. kansasii. These results were attributable to
neither M. kansasii nor another species. One M. kansasii
sequevar VI strain showed only a very weak signal with the
M. kansasii probes (not validated). For those strains which
are not expected to yield a specific pattern by the AS assay,
the correct result was obtained for 66 (88.0%) out of 75
strains. For one not validly described mycobacterial species
(“Mycobacterium sp. strain I5”), a false result (AS pattern,
M. celatum) was achieved (Table 1). In eight strains (six
species) that were not recognized as Mycobacterium sp. by
the CM assay, recognition as mycobacterial species also
failed with the AS assay as these strains were only identified
as members of the group of gram-positive bacteria with a
high G�C content in their DNA. However, the three non-
mycobacterial species tested were correctly identified as
gram-positive bacteria.

DISCUSSION

Early and reliable identification of mycobacteria may pro-
vide patients with an earlier onset of proper treatment and may
spare patients from unnecessary treatment in the case of
growth of environmental species. The conventional biochemi-
cal procedures are unable to distinguish more than 100 myco-
bacterial species since they have overlapping phenotypic pat-
terns (22, 28). Because of the increasing data on numerous

FIG. 2. Identification of M. ulcerans by serial use of the GenoType CM and AS assays. With the banding pattern of the GenoType CM assay,
either M. ulcerans or M. marinum can be identified; by subsequent use of the GenoType AS, the isolate can be further differentiated as M. ulcerans.
CC, conjugate control; UC, universal control; GC, genus control; M, marker for orientation on the strip.
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genes available for mycobacterial species, differentiation of all
species is achievable on the level of DNA sequences. There-
fore, efforts for the development of new diagnostic tools for the
identification of mycobacterial species by using sequence-
based molecular techniques have been undertaken in recent
years (3, 4, 6, 10, 11, 21, 26, 27, 29). These techniques advanced
the speed and effectiveness of identification of mycobacterial
species grown from clinical specimens.

In this study, we evaluated the GenoType Mycobacterium
CM/AS assay, which is intended for the identification of 23 and
14 mycobacterial species either as individual species or in com-
bination with others. In order to test a broad variety of species,
67 different mycobacterial strains (61 validly published species
and subspecies and 6 not validly published species) and 3
nonmycobacterial but closely related species were tested. For
92.6% and 89.9% of the isolates, concordant results could be
achieved with the CM and AS assays, respectively. Only indi-
vidual substrains of two species (M. intracellulare serovar 7 and
M. kansasii sequevar VI) were not identified by the tests but
still identified as mycobacteria. Both species are known for
their broad genetic variability (1, 24). However, with the
CM/AS assay, the most common clinical isolates of these
groups were identified. For instance, M. kansasii sequevar I
represents the most common clinical isolate from humans (1,
25) and also in our laboratory the majority of the clinical
strains identified belong to M. kansasii sequevar I. M. kansasii
sequevars III, IV, and V have been isolated much less com-
monly from humans but have been found in environmental
samples (1, 12, 32). Concerning M. intracellulare subspecies,
frequencies of isolated strains differ markedly and M. intracel-
lulare serovar 7 belongs to the rarer isolates found in human
specimens (18). Thus, with the CM/AS assay, most of the
subspecies were correctly identified through a single banding
pattern so that further differentiation with specific probes is
not necessary and does not impair the applicability of the test.
Subspecies not identified by the assay were at least not classi-
fied incorrectly so that the correct final result would be found
with subsequent techniques.

A strain that was not recognized by the CM/AS assay but
only identified as a Mycobacterium sp. was M. celatum II. This
result was not surprising since this strain differs from the other
M. celatum I and III strains in the 16S RNA gene sequence and
other genetic markers (2, 13). The discrepancy in the CM/AS
assay will be included in future in the manual supplied with the
assay (personal communication from the manufacturer). Fur-
thermore, we could show in our study that most of the myco-
bacterial or other species that cannot be recognized by the
CM/AS assay were correctly identified as Mycobacterium sp. or
gram-positive bacteria with a high G�C content. However,
eight strains (six species) were identified only as gram-positive
bacteria with a high G�C content and failed to be specified as
mycobacterial species with both assays. Thus, evidence of
gram-positive bacteria with a high G�C content does not ex-
clude the concomitance of mycobacteria and has to be evalu-
ated carefully.

The only truly incorrect result that was obtained was the
misidentification of a strain not validly published, “Mycobacte-
rium sp. strain I5,” as M. celatum, which should be rated as a
failure of the assay because of a cross-reaction. Similar dis-
crepancies cannot be excluded because of the broad variety of

known and not-yet-known mycobacteria with different DNA
sequences in the targeted region. Another fact that should be
mentioned is the occurrence of weak background bandings
that we observed in some cases. For instance, one M. fortuitum
strain correctly identified by the CM assay developed back-
ground bandings with the AS assay, which are, however, not
assessable according to the instructions of the manufacturer.
Nevertheless, this can lead to uncertainty, since an M. kansasii
sequevar VI strain also showed weak bands with the AS assay;
in this case, they were correct but also not assessable because
of their weakness.

Another limitation of the test is the resolution of patterns
which represent more than one species, which necessitates
other techniques for further discrimination, e.g., biochemical
tests, leading to a delay in obtaining a result. Mainly, a species
like M. malmoense is rather difficult to identify by other than
molecular techniques. If differentiation is desired, DNA anal-
ysis of an appropriate target is indispensable.

Recently, in a multicountry survey with 14 participating
countries, the frequencies of isolated nontuberculous myco-
bacteria from clinical laboratories were estimated over a 20-
year period. The mycobacterial species most frequently iso-
lated in 1991 to 1996 were the M. avium-M. intracellulare
complex (29.1%), M. gordonae (18.8%). M. xenopi (19%), M.
kansasii (10.3%), and M. fortuitum (9.8%), accounting for
87.6% of all nontuberculous mycobacteria (8). The CM assay is
able to identify all of these isolates. Thus, together with the
other species included on the strips, the CM assay could have
identified an estimated 96.4% of the isolates to the species
level and a further 0.9% could have been identified with the
subsequent AS assay. Therefore, it can be estimated that only
a few cases of unusual or unknown mycobacteria will remain
unidentified to the species level. Because of the genus probe,
these strains can still be identified as mycobacteria or at least
as gram-positive bacteria with a high G�C content. If correct
identification to the species level is required, however, DNA
sequencing in these rare cases of respective gene fragments is
indispensable.

In conclusion, the CM/AS assay allows rapid and specific
detection of the most frequently isolated and most relevant
species in a mycobacterial diagnostic laboratory. Identification
of 37 species (22 individually and 15 as combinations of spe-
cies) in a sequential analysis represents an important improve-
ment. Moreover, with the sequential application of two differ-
ent assays the balance between technical feasibility and a high
rate of detection of different species is optimal. The clinical
performance of these tests may also depend on the prevalence
and frequency of nontuberculous mycobacterial species iso-
lated in different countries, and this diversity should therefore
be estimated before the test can be implemented as a routine
application.

Both the PCR technology and the reverse hybridization
technique used for the test have been proven to be robust
and reproducible. The results are easy to interpret without
extensive expertise such as that required for the application
and interpretation of biochemical tests or DNA sequencing.
Furthermore, it can easily be implemented in routine work
flow, especially when other strip assays are already estab-
lished, such as the GenoType MTBC for identification and
differentiation of the M. tuberculosis complex (15, 16) or the
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GenoType MTBDR assay for the detection of mutations
that are associated with resistance to rifampin and isoniazid
(5). All tests can be run by using the same platform tech-
nology. Our results indicate that the CM and AS assays are
very useful for the rapid and accurate discrimination of
mycobacteria from clinical isolates in a routine mycobacte-
riological laboratory.
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