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Mycobacterium scrofulaceum is most commonly recovered from children with cervical lymphadenitis, al-
though it also accounts for approximately 2% of the mycobacterial infections in AIDS patients. Species
assignment of M. scrofulaceum isolates by conventional techniques can be difficult and time-consuming. To
develop a strategy for rapid species assignment of these organisms, a 360-bp region of the gene (hsp65)
encoding a 65-kDa heat shock protein in 37 isolates from diverse sources was sequenced. Eight hsp65 alleles
were identified, and these sequences formed phylogenetic clusters and lineages largely distinct from other
Mycobacterium species. There was incomplete correlation between serovar designation and hsp65 allele assign-
ment. The hsp65 data correlated strongly with the results of sequence analysis of the gene coding for 16S rRNA.
Automated DNA sequencing of a 360-bp region of the hsp65 gene provides a rapid and unambiguous method
for species assignment of these acid-fast organisms for diagnostic purposes.

Mycobacterium scrofulaceum is an opportunistic pathogen of
humans that can be isolated from environmental sources such
as house dust, soil, water, and sewage (6, 17, 23, 24, 60) and
foods such as pooled oysters, raw milk, and other dairy prod-
ucts (8, 10, 21, 25, 31). The species name for M. scrofulaceum
is derived from the word scrofula, the historic term used to
describe mycobacterial infections of cervical lymph nodes. The
organism is most commonly recovered from children of pre-
school age with unilateral cervical lymphadenitis (36, 39, 40,
60, 61). Less common manifestations of M. scrofulaceum in-
fection include pulmonary disease (18), disseminated disease
(22, 32), conjunctivitis, osteomyelitis (30), meningitis (63), and
granulomatous hepatitis (37).M. scrofulaceum accounts for 2%
of mycobacterial isolates recovered from clinical specimens in
the United States (14, 16, 29) and is responsible for approxi-
mately 2 and 15% of the nontuberculous mycobacterial infec-
tions in AIDS patients from the United States (15) and Sweden
(20), respectively.
Differentiation of M. scrofulaceum from other slowly grow-

ing mycobacteria with conventional methods is complex and
time-consuming (58). Several methods have been developed
for more rapid mycobacterial species assignment. DNA probes
are commercially available for identification of the Mycobac-
terium tuberculosis complex, Mycobacterium avium complex,
Mycobacterium kansasii, and Mycobacterium gordonae, but not
for other species of mycobacteria. Seroagglutination testing
has been used for subspecific differentiation and typing of
strains of several mycobacterial species, including M. scrofula-
ceum. Mycobacterial serovars 27 and 41 through 43 are gen-
erally recognized as being M. scrofulaceum; however, serovar
designations do not always correspond to the species assign-
ment (15, 59). Additional strategies developed for species des-
ignation of mycobacteria include analysis of cell wall lipid

composition by thin-layer chromatography (5, 55), gas-liquid
chromatography (11, 45, 53), and high-performance liquid
chromatography (7, 52); restriction fragment length polymor-
phism profiling of a 360-bp fragment of the hsp65 gene (51);
and nucleotide sequencing of several gene targets (12, 13, 46,
47, 49), primarily the gene encoding 16S rRNA (16S rDNA) (1,
28, 41, 42, 48).
Recently, automated DNA sequence analysis of a 360-bp

segment of the gene (hsp65) encoding a 65-kDa heat shock
protein has been used for species assignment of mycobacteria
(27). The gene is present in all known Mycobacterium species,
and oligonucleotide primers have been described that amplify
a segment of the gene from all Mycobacterium species tested,
but not from 19 non-Mycobacterium species (51). In mycobac-
teria, nucleotide polymorphism in hsp65 is, on average, greater
than in the 16S rDNA (27). This observation suggests that in
addition to species identification, sequence analysis of hsp65
may provide important subspecific information. To assess the
utility of species assignment and subspecific differentiation
of M. scrofulaceum organisms by characterization of hsp65 poly-
morphism, we studied sequence variation among 37 M. scro-
fulaceum isolates, including reference strains and isolates
recovered over four decades from children with cervical lymph-
adenitis.

MATERIALS AND METHODS

Bacterial isolates. The year of isolation, serovar designation, and hsp65 allele
assignments of the 37 M. scrofulaceum isolates studied are listed in Table 1.
Thirty-five strains were obtained from a collection of cervical lymph node isolates
held by Emanuel Wolinsky (MetroHealth Medical Center, Cleveland, Ohio), and
most of these strains were typed by seroagglutination in his laboratory. The two
other strains studied are reference isolates obtained from Richard Frothingham
(Duke University Medical Center, Durham, N.C.). Bacteria were identified to
the species level by conventional methods, including growth rate, colony mor-
phology, pigmentation, and biochemical profiles.
Isolation of DNA. Strains were cultured on slants of Lowenstein-Jensen solid

media for 2 to 4 weeks. All of the following procedures were performed in a
biological safety cabinet. A small sample of the culture was collected on the end
of a sterile wooden applicator stick and emulsified in an Eppendorf tube con-
taining 500 ml of STET buffer (10 mM Tris-HCl–1 mM EDTA, pH 8.0, with 1%
Triton X-100); the bacteria were harvested by centrifugation in a microcentrifuge
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designed to minimize the risk of aerosol generation (model VS-13; Shelton
Scientific, Shelton, Conn.) at 20,000 3 g for 10 min. The supernatant was
discarded, and the cell pellet was resuspended in 100 ml of 95% ethanol. After
overnight incubation at 48C, the suspension was centrifuged at 20,000 3 g for 10
min and the supernatant was discarded. Following the addition of 0.1 ml of STET
buffer and 50 mg of 0.1-mm-diameter zirconium oxide beads, the bacteria were
lysed by agitation at 5,000 rpm for 100 s with a Mini-BeadBeater (Biospec
Products, Bartlesville, Okla.). The supernatant, containing the genomic DNA,
was used for analysis.
Automated DNA sequencing of hsp65. A 441-bp segment (nucleotides 396 to

836) (44) of hsp65 was amplified in a DNA thermal cycler (Perkin-Elmer Cetus,
Norwalk, Conn.) using the following oligonucleotide primers as described pre-
viously: forward (Tb11), 59-ACCAACGATGGTGTGTCCAT-39; and reverse
(Tb12), 59-CTTGTCGAACCGCATACCCT-39 (27). Unincorporated nucleo-
tides and primers were removed by filtration with Microcon 100 microconcen-
trators (Amicon Inc., Beverly, Mass.). Sequencing reactions were performed with
the Prism Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit (Ap-
plied Biosystems, Inc., Foster City, Calif.). An automated DNA sequencer (mod-
el 373A; Applied Biosystems) was used to characterize both strands of the target
hsp65 segment. Unambiguous sequence data were obtained for a 360-bp region
of the 441-bp fragment in all strains. The data were assembled and edited with

the EDITSEQ, ALIGN, and MEGALIGN programs (DNASTAR, Madison,
Wis.).
Automated DNA sequencing of 16S rDNA. A 1,036-bp region of the 16S rDNA

was amplified by PCR with the forward primer 285 (59-GAGAGTTTGATCCT
GGCTCAG-39, corresponding to Escherichia coli 16S rDNA from positions 9 to
29) and reverse primer 264 (59-TGCACACAGGCCACAAGGGA-39, corre-
sponding to E. coli 16S rDNA from positions 1046 to 1027) as described previ-
ously (48). The thermal-cycler parameters used were 39 cycles of denaturation at
948C for 1 min, annealing at 688C for 1 min, and extension at 728C for 2 min.
Unincorporated nucleotides and primers were removed by filtration with Micro-
con 100 microconcentrators. Sequencing reactions were performed with the
Prism Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit using primer
285 as well as primer 259 (59-TTCACGAACAACGCGACAA-39, corresponding
to E. coli 16S rDNA from positions 609 to 590). An automated DNA sequencer
(model 373A or 377; Applied Biosystems) was used to characterize both strands
of the target 16S rDNA segment. For all strains evaluated, unambiguous se-
quence data were obtained for a segment of the 16S rDNA fragment containing
both hypervariable regions A and B. The size of this segment ranged from 387 to
398 bp because of the presence of insertions or deletions in some of the se-
quences. The data were assembled and edited with the EDITSEQ, ALIGN, and
MEGALIGN programs.
Phylogenetic trees were constructed by maximum-parsimony analysis with the

computer program PAUP 3.1.1 using the branch swapping and nearest-neighbor
interchange options (50).

RESULTS

Nucleotide polymorphism. Characterization of the 360-bp
hsp65 fragment from 37 M. scrofulaceum strains revealed that
8 of the 37 sequences were unique. All of the nucleotide
variation was due to point mutations. Each distinctive se-
quence was given an arbitrary allele designation, such as
hsp65.35, hsp65.36, etc. A total of 50 polymorphic nucleotide
sites was identified (Fig. 1), which would result in 12 amino
acid substitutions. Pairs of alleles differed, on average, at 19
(5.3%) of the nucleotide sites and 4 (3.3%) of the inferred
amino acid positions. Phylogenetic analysis revealed that the
eight alleles grouped into one lineage (A) and two clusters (B
and C) when compared with 66 unique hsp65 sequences rep-
resenting 23 mycobacterial species (Fig. 2), including a previ-
ously reported sequence from one M. scrofulaceum strain (27).
Lineage A. Twenty-three of the 37 isolates evaluated had

allele hsp65.35, which formed lineage A in the phylogenetic
tree (Fig. 2). This lineage represented the majority (62%) of
the isolates studied, including the M. scrofulaceum type strain
(ATCC 19981) and a previously studiedM. scrofulaceum strain
(1374) (27). The hsp65.35 allele differed from the other seven
hsp65 alleles by 19 nucleotides, on average (range, 16 to 22)
(Fig. 1).
Cluster B. Twelve of the 37 isolates evaluated had either

allele hsp65.27 or alleles hsp65.36 through hsp65.39, which
formed cluster B in the phylogenetic tree (Fig. 2). M. scrofu-
laceum reference strain Lane 3081 (hsp65.27) grouped within
this cluster. No hsp65 alleles from other mycobacterial species
occurred in cluster B. Pairs of sequences within this cluster
differed, on average, at 17 (4.7%) nucleotide sites and 4 (3.3%)
of the inferred amino acid positions.
Cluster C. Two strains had one of two alleles (hsp65.28 or

hsp65.40) which were allied with cluster C (Fig. 2). These two
alleles differed from the other six hsp65 alleles by 22 nucleo-
tides, on average (range, 17 to 26). Cluster C also contained
three sequences from previously studied M. avium complex
strains. Only nine polymorphic nucleotide sites were identified
among the hsp65 alleles within this cluster, and none of the
variants would result in amino acid substitutions. Pairs of se-
quences in cluster C differed, on average, at 4 (1.1%) nucleo-
tide sites.
Comparison of hsp65 allele assignment and serovar assign-

ment. Seroagglutination testing separated 34 of the 37 isolates
into six different serovars (Table 1). The most commonly as-
signed serovars were 42 (50%), 41 (20%), and 43 (15%). The

TABLE 1. Characteristics of 37 M. scrofulaceum strains studied

Straina Yr of isolation Serovarb hsp65 allele

NTB 126 1961 43 hsp65.27c

NTB 136 1966 43 hsp65.27c

NTB 138 1966 43 hsp65.27c

NTB 159 1983 NDd hsp65.27c

Lane 3081 NAe ND hsp65.27c

NTB 154 1979 41 hsp65.28c

ATCC 19981 1955 ND hsp65.35c

NTB 122 1958 42 hsp65.35
NTB 123 1958 42 hsp65.35
NTB 125 1960 42 hsp65.35
NTB 127 1962 42 hsp65.35
NTB 128 1962 41 hsp65.35
NTB 129 1962 41 hsp65.35
NTB 132 1962 42 hsp65.35
NTB 133 1962 42 hsp65.35
NTB 134 1963 42 hsp65.35c

NTB 135 1964 42 hsp65.35
NTB 139 1967 42 hsp65.35
NTB 141 1967 41 hsp65.35
NTB 143 1967 42 hsp65.35
NTB 145 1968 41 hsp65.35
NTB 146 1969 42 hsp65.35
NTB 147 1969 42 hsp65.35
NTB 148 1970 42 hsp65.35
NTB 149 1970 42 hsp65.35
NTB 150 1970 42 hsp65.35
NTB 151 1971 42 hsp65.35
NTB 152 1971 41 hsp65.35c

NTB 153 1975 42 hsp65.35
NTB 131 1962 16 hsp65.36c

NTB 142 1967 4 hsp65.36c

NTB 155 1979 43 hsp65.36c

NTB 15 1981 43 hsp65.36c

NTB 124 1958 42 hsp65.37c

NTB 144 1967 NTf hsp65.38c

NTB 156 1980 8/21 hsp65.39c

NTB 130 1962 41 hsp65.40c

a Strain designations beginning with NTB are from a collection of cervical
lymph node isolates held by E. Wolinsky. ATCC 19981 (theM. scrofulaceum type
strain from the American Type Culture Collection) and Lane 3081 are reference
strains and were obtained from R. Frothingham.
b Serovar designations were assigned in the laboratory of E. Wolinsky.
c A partial 16S rDNA sequence was obtained for this strain. In addition, the

partial 16S rDNA sequence for M. scrofulaceum 1374 (hsp65.35) (Fig. 2) was
determined.
d ND, not done.
e NA, not available.
f NT, nontypeable.
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distribution pattern for hsp65 allele assignments was similar.
The most commonly assigned alleles resulting from sequencing
analysis were hsp65.35 (62%), hsp65.27 (14%), and hsp65.36
(11%). Three isolates found in cluster B (NTB 131, NTB 142,
and NTB 156) had serovars traditionally assigned to M. avium
complex organisms. One isolate (NTB 144) was nontypeable,
and another isolate (NTB 156) reacted with antisera to two
different serovars. In general, there was no simple correlation

between serovar designation and hsp65 allele assignment. For
example, 23 strains with the hsp65.35 allele had either serovar
41 or 42, and 4 strains with hsp65.36 had one of three serovars
(4, 16, or 43). Conversely, strains with serovar 41 had one of
three hsp65 alleles (hsp65.28, hsp65.35, or hsp65.40).
16S rDNA sequences. 16S rDNA sequences have frequently

been used to define taxonomic relationships among organisms
and to assign a species status to new or difficult-to-classify

FIG. 1. Nucleotide sequence from positions 441 to 800 in a 360-bp fragment of the hsp65 gene from 37 strains (eight alleles) of M. scrofulaceum, compared with
the published nucleotide and amino acid sequences of the hsp65 fragment forM. scrofulaceum (M. scrof) 1374 (GenBank accession number U17955) (27). The sequence
of allele hsp65.35 is identical to the published sequence fromM. scrofulaceum 1374 and therefore is not shown. Nucleotide numbering is based on a published sequence
of hsp65 from M. tuberculosis (44) and is displayed at the top of the figure. Invariant sites are shown as dots. Nonsynonymous nucleotide changes are underlined.
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FIG. 2. Phylogenetic tree of eight hsp65 alleles obtained from 37 M. scrofulaceum isolates, compared with 66 hsp65 alleles representing 23 mycobacterial species,
including one previously reported allele from a M. scrofulaceum isolate (M. scrofulaceum 1374) (27). The phylogenetic tree was constructed with the program PAUP
3.1.1 (50), using the branch swapping and nearest-neighbor interchanges. The number of strains with each allele is indicated in parentheses. Horizontal lengths represent
genetic distances.
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organisms (1–3, 9, 28, 41, 42, 48, 56, 57). In an attempt to
clarify the species identity of some of the isolates, we se-
quenced a segment of the 16S rDNA containing hypervariable
regions A and B from 19 isolates, which represented each of
the different hsp65 alleles (Table 1 and Fig. 3), and compared
these results with published mycobacterial 16S rDNA se-
quences (Fig. 4). 16S rDNA sequences from 11 isolates with
alleles hsp65.35 through hsp65.38 were closely allied to one

another and clustered with the sequence from the M. scrofu-
laceum type strain (ATCC 19981). Two 16S rDNA sequences
from isolates with alleles hsp65.28 and hsp65.40 were closely
related to sequences from members of the M. avium complex.
The remaining six sequences were not closely related to other
strains in our sample. Five of these six sequences had allele
hsp65.27 and had an identical 16S rDNA sequence that was
similar to a sequence (X93030) identified recently in a myco-

FIG. 3. Nucleotide sequence of a segment of the 16S rDNA fragment, containing both the hypervariable A and B regions, from 19 strains (six alleles) of
M. scrofulaceum representing each of the different hsp65 alleles, compared with the nucleotide sequence of the 16S rDNA fragment for M. scrofulaceum (M. scrof)
(GenBank accession number X52924). The sequences of isolates with alleles hsp65.35 and hsp65.37 are identical to the reference sequence and therefore are not shown.
The first nucleotide corresponds to E. coli 16S rDNA position 129, and numbering is displayed at the top of the figure. Invariant sites are shown as dots, and deletions
are indicated by dashes.
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FIG. 4. Phylogenetic tree of 16S rDNA sequences obtained from 19 M. scrofulaceum isolates, representing each of the different hsp65 alleles, compared with 16S
rDNA sequences from numerous mycobacterial strains. In parentheses are the GenBank sequence identification numbers. The sequences for M. intracellulare serovars
18 and 7 are from reference 2. The phylogenetic tree was constructed with the program PAUP 3.1.1 (50), using the branch swapping and nearest-neighbor interchanges.
Horizontal lengths represent genetic distances.
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bacterial strain of uncertain taxonomic position (48). Biochem-
ical test results identified the strain as M. avium-M. intracellu-
lare, whereas 16S rDNA sequence results identified it as a
unique isolate related to Mycobacterium simiae (48). The sixth
sequence was related to a sequence reported for Mycobacte-
rium tilburgii, an organism recovered from an immunocompe-
tent patient with disseminated infection (56).

DISCUSSION

Sequence-specific differentiation of M. scrofulaceum. The
conventional method for identifying mycobacteria to the spe-
cies level is based on growth characteristics and biochemical
test reactivity. These methods are time-consuming, and it is not
uncommon for species identification to require an additional 2
to 4 weeks following the initial isolation (58). Furthermore,
variation in phenotypic characteristics of atypical mycobacte-
rial species makes the unambiguous interpretation of biochem-
ical test results difficult. Several strategies formulated to im-
prove the conventional methods of mycobacterial strain
identification include the use of commercial nucleic acid probe
kits (34), analysis of cell wall lipid composition by various
chromatographic methods (5, 7, 11, 52, 53, 55), restriction
fragment length polymorphism profiling of a 360-bp fragment
of the hsp65 gene (51), and nucleotide sequencing of the gene
encoding 16S rRNA (1, 28, 41, 42, 48). Each of these tech-
niques has several advantages and disadvantages. For example,
DNA probes for rapid species identification are not com-
mercially available for most atypical mycobacteria, including
M. scrofulaceum. Species assignment of mycobacteria by anal-
ysis of cell wall lipid composition by thin-layer chromatogra-
phy, gas-liquid chromatography, or high-performance liquid
chromatography requires substantial bacterial growth under
standardized conditions. Finally, subspecific differentiation of
mycobacteria by restriction fragment length polymorphism
profiling of a 360-bp fragment of the hsp65 gene or nucleotide
sequencing of the gene encoding 16S rRNA is not as discrim-
inatory as nucleotide sequencing of a segment of the hsp65
gene (27).
We have demonstrated that M. scrofulaceum strains can be

readily assigned a species designation by sequence analysis of
a segment of the hsp65 gene. This sequencing approach has
been used effectively to differentiate Mycobacterium species
(27) and offers distinct advantages over the current method of
identifying M. scrofulaceum strains by phenotypic and bio-
chemical characteristics. Before performing conventional spe-
cies assignment, it is necessary to subculture the isolates for 2
to 4 weeks following initial isolation. In contrast, the sequenc-
ing technique is rapid and can be used to identify the species of
Mycobacterium growing in early positive (growth index of ap-
proximately 50 to 100) BACTEC cultures or in some smear-
positive sputum specimens (27). Phenotypic and biochemical
profiles for strains can vary, and in many instances it is neces-
sary to identify the organisms on the basis of a best-fit analysis
(35). In contrast, nucleic acid sequencing provides direct and
unambiguous results, thereby avoiding the frustration and the
considerable commitment of technologist time that often ac-
company biochemical testing.
Subspecific differentiation of M. scrofulaceum. Seroaggluti-

nation testing has been the method commonly used for sub-
specific differentiation and typing of strains ofM. scrofulaceum.
However, standardized antisera are not generally available,
and serovar designations are not always cognate with species
assignment. For example, strains of M. simiae and M. scrofu-
laceum have been found to type as M. avium complex serovars
rather than as serovars traditionally assigned to their own spe-

cies (15, 59). Furthermore, strains may cross-react with anti-
sera to several serovars or may fail to react with any antiserum.
Isolates NTB 156 and NTB 144 are examples of organisms with
these problems. Finally, discrepancies in the characterization
of strains occur between laboratories (15, 59). Unlike seroag-
glutination testing, hsp65 analysis provides direct and unam-
biguous differentiation of these strains and may have applica-
tions for molecular epidemiology studies and identification of
medically important subspecific strain groups.
hsp65 alleles and 16S rDNA sequences. Based on 16S rDNA

and hsp65 sequence analyses of a sample of 37 strains, it is
likely that 29 isolates that we studied represent true M. scrofu-
laceum. However, our analysis identified one phylogenetic
group (cluster C) containing strains of both the M. avium
complex and M. scrofulaceum, an observation suggesting that
the organisms within this cluster may represent an intermedi-
ate group between theM. avium complex andM. scrofulaceum.
Several reports have described difficulties in distinguishing
some strains of the M. avium complex from M. scrofulaceum
organisms. Hawkins and Portaels reported strains with bio-
chemical characteristics intermediate between M. avium and
M. scrofulaceum (19, 38). M. scrofulaceum isolates that belong
to established serovars of M. avium complex strains (59, 62)
and isolates that carry plasmids present inM. avium andM. in-
tracellulare strains (26, 33) have been identified. Furthermore,
strains identified as M. scrofulaceum based on a-antigen anal-
ysis and biochemical properties have been reported to react
with DNA probes specific for the M. avium complex (43, 54).
Additional studies support the notion that an intermediate
species exists (12, 13, 48).
The specific status of the six isolates with alleles hsp65.27

and hsp65.39 is unknown and clearly warrants additional study.
In particular, the five organisms with the hsp65.27 allele and
identical 16S rDNA sequences that are not closely related to
other mycobacterial species probably represent a taxonomic
entity that may justify a new species designation. In this regard,
it is noteworthy that isolates with hsp65.27 have a 16S rDNA
sequence that is identical to a novel species which is phyloge-
netically related to M. simiae. These isolates have been recov-
ered from a variety of geographic regions.
Summary. The principal goal of our study was to assess the

level of hsp65 polymorphism in M. scrofulaceum and thereby
determine the potential utility of this strategy for species as-
signment and subspecific strain differentiation. The results sug-
gest that automated sequence analysis of a 360-bp region of
hsp65 has several advantages over the current methods used to
identify and subtypeM. scrofulaceum strains. It produces rapid
and unambiguous data. The strategy is PCR based and there-
fore may be applied to some primary samples or early positive
cultures (27). In addition, it may contribute new insight into
mycobacterial strains which appear to represent an intermedi-
ate species between M. scrofulaceum and the M. avium com-
plex.
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2. Böddinghaus, B., J. Wolters, W. Hiekens, and E. C. Böttger. 1990. Phyloge-
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