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The fatty acid compositions of 39 type strains and 529 clinical or reference strains of pathogenic aerobic
actinomycetes were analyzed after standardized culture by using the Microbial Identification System (MIS).
Library entries for each type strain were created by using the MIS Library Generation Software, and the fatty
acid profiles of clinical and reference strains were compared to these library entries. The bacteria separated
into two large groups based upon major amounts of branched-chain or of saturated or monounsaturated
straight-chain fatty acids. Identification of isolates was possible by using only the type strains for comparison,
but fatty acid heterogeneity occurred within most species.

The genera Gordona, Mycobacterium, Nocardia, Rhodococcus,
Rothia, and Streptomyces, as well as strains of Amycolatopsis
orientalis, Dermatophilus congolensis, Nocardiopsis dassonvillei,
Pseudonocardia autotrophica, Saccharothrix aerocolonigenes,
and Tsukamurella paurometabola, are aerobic actinomycetes
that have been implicated in human infections (3, 29, 40). Prior
attempts to improve the identification of these aerobic actino-
mycetes by cellular fatty acid analysis have used various culture
media, growth conditions, incubation times, extraction meth-
ods, and chromatography techniques, all factors which affect
the fatty acids expressed (9, 20, 22, 23, 26). The Microbial
Identification System (MIS; Microbial Identification Inc., New-
ark, Del.) standardizes the chromatography variables associ-
ated with quantitative fatty acid analysis and facilitates fatty
acid analysis as a means of identifying bacteria (53).

We analyzed the type strains of 39 pathogenic aerobic acti-
nomycete species after standardized growth and incubation
and created library entries for each species. The fatty acid
profiles of 529 clinical and reference strains were then com-
pared to these library entries. Fatty acid analysis is a limited,
but practical method for the rapid identification of aerobic
actinomycetes, and our results are consistent with some prior
claims for the existence of subgroups within defined taxa (8, 33,
39, 42, 48).

MATERIALS AND METHODS

Bacteria. The sources of the type strains, reference strains, and other strains
that were used to establish additional taxa defined by fatty acid profiles are listed
in Table 1. Other isolates were obtained from commercial culture collections, the
collections of other researchers, and clinical specimens. Actinomadura madurae
and Actinomadura pelletieri were excluded from this study due to their fastidious
growth requirements and need for prolonged incubation.

Culture conditions. All strains, with the exception of Nocardia brevicatena,
were grown at 28°C for 96 h in ambient air on four TSBA plates composed of
Trypticase soy broth (no. 11768; BBL) and 1.5% agar (no. 11849; BBL). Isolates
of N. brevicatena were cultured on plates of TSBA with 1% Tween 80 (T164-500;
Fisher Scientific), because we found a slight growth enhancement in the presence
of Tween 80.

Identification by biochemical tests. Clinical isolates of Rothia dentocariosa
were identified by using the scheme of Hollis and Weaver (17). Nocardia species
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were reidentified as needed by using Gordon characteristics supplemented by
opacification of Middlebrook 7H10 agar; carbon source utilization of rhamnose,
galactose, inositol, mannitol, propanol, butanol, butylene glycol, citrate, acet-
amide, and monoethanolamine; and 2-week arylsulfatase activity (6, 10, 31, 44,
49). The susceptibilities of Nocardia species to amikacin, ampicillin, carbenicillin,
cefamandole, cefotaxime, erythromycin, and tobramycin, determined by disk
diffusion, were also used to aid in identification, as described by Wallace and
Steele (48).

Preparation of bacterial extracts. Bacterial growth sufficient to fill a disposable
plastic loop (approximately 40 mg; no. 1906-95-9; Difco) was harvested from the
last quadrant exhibiting confluent growth and was transferred to a 13-by-100-mm
glass test tube fitted with a Teflon-lined cap. Saponification, esterification, ex-
traction, and washing were performed according to MIS guidelines (30). Follow-
ing this, a few drops of saturated aqueous sodium chloride solution were added,
and the extract was spun at 600 to 650 X g for 2 min to maximize separation
between the organic and aqueous phases. The organic phase was removed,
flushed through a small volume of anhydrous sodium sulfate (no. 3898-01; J. T.
Baker) in a sample vial to remove all traces of water, and transferred to a second
vial for analysis.

Heuristic library development. Type strains of all species were analyzed on five
separate occasions to provide adequate data for library entry generation. Com-
parison of data from multiple runs for the same isolate was done by using MIS
dendrogram software to exclude runs that were greater than nine Euclidian
distances (EDs) from the data from the other analyses. Such outliers were
infrequent and were usually due to technical variables such as contamination of
the culture or poor growth of the isolates. Repurification of the isolate or further
subculture corrected this problem with all strains.

The type strain library entries were designated group A. The fatty acid profiles
of the test strains were compared to the type strain entries by using the MIS
software. The MIS software calculates a similarity index (SI), which is a numer-
ical value that expresses how closely the fatty acid composition of an unknown
isolate compares with the “average” composition profiles stored in a fatty acid
library (30). A perfect match gives an SI of 1.000. In this study strains that had
SIs of =0.300 with no second choice or a first-choice SI of =0.500 to a type strain
library entry with a minimum separation of 0.100 between the first and second
choices were considered acceptable identifications, in accordance with the man-
ufacturer’s recommendations (30).

After all strains had been analyzed, the type strain library entries were rede-
veloped by including the strains that had been identified. The redeveloped
entries were placed in a new library, and the identification-redevelopment pro-
cess was repeated until no further strains were identified by the latest library
version. To allow for the inclusion of biochemically typical strains that did not
meet our MIS identification criteria, well-characterized isolates were chosen at
random from each species that had unidentified isolates and were analyzed a
further four times to create group B library entries. Strains that met the identi-
fication criteria with the group B entries were used to redevelop the correspond-
ing library entries. This process was carried out until no further strains were
identified. Further fatty acid groups were created until most isolates had been
included in a fatty acid group of their biochemically assigned species.

Cluster analysis. Multivariate analysis to compare isolates was performed by
using the dendrogram software supplied with the MIS. This program uses two-
dimensional cluster analysis to calculate unweighted pair matchings based on
named fatty acid composition. Relatedness is expressed as proximity in two-
dimensional space as the ED. The results are presented graphically in a tree
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TABLE 1. Aecrobic actinomycete type and reference strains”
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TABLE 1—Continued

Taxon Strain designation
Amycolatopsis orientalis group A..........ccccecevuevvunnee. ATCC 19795"
Amycolatopsis orientalis group B......cccccceuvvecucnnne. ATCC 35164
Amycolatopsis orientalis group C..........ccovveuevvunnee. ATCC 35166

Amycolatopsis orientalis group D..... ...Yassin N355
Dermatophilus congolensis group A .ATCC 146377
Gordona aichiensis group A..........ccceeveeceerercocnenne ATCC 33611*
Gordona bronchialis group A ...........ccoeeoneeeneenecen. ATCC 255927
Gordona bronchialis group B....... ...UHL 6542
Gordona rubropertinctus group A ..ATCC 143527
Gordona Sputi group A......eceeeeereeeeeneeeneeeserssensseeens ATCC 29627
Gordona sputi group B..........cccceviviiiiiniinininicnnnns ATCC 33610
Gordona terrae group A ............... ..ATCC 25594"
Mycobacterium abscessus group A .. ..ATCC 199777
Mycobacterium chelonae group A ..........ccccveeeeeueene ATCC 35725"
Mycobacterium fortuitum group A..........ccccceeevueuene ATCC 68417
Mycobacterium fortuitum group B... ...UAF 62169

Mycobacterium fortuitum group C... ..UAF 62517
Mycobacterium fortuitum group D .........cccccvvecuene UAF 62201
Mycobacterium fortuitum group E..........ccccoevennne UAF 62171

Mycobacterium peregrinum group A ..ATCC 14467"
Nocardia asteroides group A....... ..ATCC 192477
Nocardia asteroides group B .........ccccveveecuverenecunnne ATCC 14759
Nocardia asteroides group C..........ccccvvvveuiivicnunnns CSHWA 3167-A-93
Nocardia asteroides group D..... ...CSHWA 2457-92
Nocardia asteroides group E ..... ...CSHWA 4635-91
Nocardia asteroides group F.........cccoevveccuvrnevcunnns CIP 94.0941
Nocardia asteroides group Gi.........cccvveveuvvvicnunnns CIP 94.1519
Nocardia brasiliensis group A ... ..ATCC 19296
Nocardia farcinica group A... ..ATCC 3318"
Nocardia nova group A .........cc.ceeeeneeneerneenseensesneens ATCC 33726"
Nocardia nova group B ..........ccccoevviviinnniicnnns ATCC 33727
Nocardia nova group C.. ...CSHWA 170-93
Nocardia nova group D................ ..CSHWA 7522-89
Nocardia otitidiscaviarum group A...........ccceueueunne ATCC 14629"
Nocardia otitidiscaviarum group B............c.cccceue. ATCC 14630
Nocardia otitidiscaviarum group C.. ..ATCC 27941
Nocardia pseudobrasiliensis group A.. ..TXN 249/649
Nocardia transvalensis group A .........ccececevevecueene ATCC 6865
Nocardia transvalensis group B...........ccccocviviinnnnne ATCC 29982
Nocardiopsis dassonvillei group A...... ..ATCC 23218"
Pseudonocardia autotrophica group A ... ..ATCC 197277
Pseudonocardia autotrophica group B .................... ATCC 33795
Pseudonocardia autotrophica group C................... ATCC 33797
Pseudonocardia autotrophica group D... ...DSM 43088

Pseudonocardia autotrophica group E ... ...DSM 43083
Pseudonocardia autotrophica group F..................... DSM 43084
Pseudonocardia autotrophica group Gi................... DSM 43103

Pseudonocardia autotrophica group H... ...DSM 43091
Pseudonocardia autotrophica group 1. ...DSM 43085
Rhodococcus coprophilus group A ...........ccveeecucene ATCC 29080"
Rhodococcus equi group A ... ATCC 69397
Rhodococcus equi group B........... ...UHL 6188
Rhodococcus erythropolis group A .. ..ATCC 42777
Rhodococcus globerulus group A...........coceeevevecuene ATCC 257147
Rhodococcus luteus group A........cccovvvvvvuvvvicnnnnnne ATCC 35014
Rhodococcus rhodochrous group A. ..ATCC 13808"

Rhodococcus rhodococcus group B. ..ATCC 184
Rhodococcus rhodococcus group C........eucueevececunne ATCC 4001
Rhodococcus rhodococcus group D ... ATCC 999

Rothia dentocariosa group A ...... ..ATCC 179317

Rothia dentocariosa group B..... ...UHL 3893
Rothia dentocariosa group C..........ccevevecueererecunene UHL 4934
Saccharothrix aerocolonigenes group A................... ATCC 23870"

..ATCC 35162

Saccharothrix aerocolonigenes group B..

Streptomyces albus group A ................ ..ATCC 3004
Streptomyces anulatus group A.......ccoeceeveveecreenenee ATCC 27416
Streptomyces coelicolor group A...........ccccevvveueunee ATCC 19894"
Streptomyces griseus group A ........cccevvvevrienrennne ATCC 23345"
Continued

Taxon Strain designation

Streptomyces griseus group B........cccccovvivinininininenne. ATCC 19347
Streptomyces rimosus group A ...... .ATCC 10970"
Streptomyces somaliensis group A .ATCC 33201"
Streptomyces violaceoruber group A ... .ATCC 14980"
Tsukamurella paurometabola group A.... .ATCC 8368"
Tsukamurella paurometabola group B.................... ATCC 25938

“T, type strain; ATCC, American Type Culture Collection, Rockville, Md.;
CIP, Institut Pasteur, Paris, France, CSHWA, California State Health and Wel-
fare Agency, Berkeley, Calif.; DSM, Deutsche Sammlung von Mikroorganism
und Zellkulturen GmbH, Braunschweig, Germany; UAF, Mycobacteriology Sec-
tion, Public Health Laboratories, Toronto, Ontario, Canada; TXN, The Univer-
sity of Texas Health Center at Tyler, Tyler, Tex.; UHL, University Hospital
Campus, London Health Sciences Centre, London, Ontario, Canada; Yassin,
Institut fiir Medizinische Mikrobiologie und Immunologie, Rheinische
Friedrich-Wilhelms-Universitat, Bonn, Germany.

diagram (30). The manufacturer recommends that isolates less than 9 EDs apart
are the same species and that those less than 25 EDs apart belong in the same
genus.

RESULTS

Aerobic actinomycetes, like coryneforms, were separated
into two fatty acid types, which we labeled type I and type II
(2). Type I species exhibited a major percentage of branched-
chain fatty acids (Table 2), while type II species exhibited a
major percentage of saturated or monounsaturated straight-
chain fatty acids (Table 3).

Type I species possessing a major percentage of fatty acids
of the branched-chain type. (i) Rothia dentocariosa. R. dento-
cariosa isolates were unique because they possessed greater
than 30% 15:0 anteiso fatty acids as their major fatty acid; all
other species possessed 16:0 iso or a smaller percentage of 15:0
anteiso fatty acids as their major fatty acid.

(ii) Amycolatopsis orientalis. Three A. orientalis strains in-
cluding DSM 43134 (A. orientalis subsp. lurida™) were identi-
fied by the type strain library entry. Two A. orientalis strains
including DSM 43388 were in group B, while ATCC 35166 was
the sole member of group C. Group D strains contained the
fatty acids 16:1 iso H, 16:1 w7c, and iso 17:1 »9c, which were
not encountered in any other A. orientalis strains and lacked
sum feature 4 (Table 2), which was common to all other A.
orientalis strains. One isolate received as a putative A. orientalis
strain had a fatty acid composition dissimilar to that of any A.
orientalis strain that we have encountered and appeared to be
related to Streptomyces species.

(iii) Nocardiopsis dassonvillei. N. dassonvillei was the only
member of this group to contain the fatty acids 18:0 and 18:0
10-methyl(tuberculostearic acid). Three putative isolates pos-
sessed major branched-chain fatty acids, but lacked tubercu-
lostearic acid and were excluded from being N. dassonvillei (16,
54).

(iv) Pseudonocardia autotrophica. None of the P. autotrophica
isolates were identified by the type strain library entry. Strains
ATCC 197277 and ATCC 33795 were related, although they
did not meet the identification criteria, as were strains DSM
43083, DSM 43084, DSM 43085, DSM 43091, and DSM 43106.
Strains NRRL B-16063 (DSM 43088) and ATCC 33797 were
distinct. All strains were placed into separate groups.

(V) Saccharothrix aerocolonigenes. S. aerocolonigenes ATCC
35162 was not identified by the library entry for ATCC 238707.
Multivariate analysis of the isolates showed them to be sepa-
rated by approximately 29 EDs, which suggests that S. aero-



TABLE 2. Species with a majority of fatty acids of the branched-chain type

% of total fatty acids present

Organism

(no. of isolates) 130 140 |, 0 150 150 151 o0 161 160 161 o Mm 16010 Anteiso 170 170 17:1 17:1 17:0 .0 17010 180 181 o0 TBSA WM M_@w@
anteiso  iso " iso anteiso w6c " isoH iso w7c ’ Smo methyl 17:1 w9¢ iso anteiso ®w8c wbc cyclo ' methyl iso w9 " 10Mel8:0 4 4

Amycolatopsis orientalis group A (4) - 92 — 13 25 — 48 — 23 — 37 — — — 1.1 13 10 — — 63 — —_ = = — — 134
Amycolatopsis orientalis group B (3) — 167 10 47 08 — 50 — 415 — 38 — — — - — 07 — — 25 - — — — — — 32
Amycolatopsis orientalis group C (1) — 190 — 87 15 — 57 — 347 — 16 — — — 0.6 07 52 — — 51 — _ = = — — 56
Amycolatopsis orientalis group D (3) — 70 — 35 30 06 08 70 314 80 36 1.0 — — 4.3 32 35 — — 09 — 04 22 — — —_- =
Nocardiopsis dassonvillei (4) — 9 — 07 32 — — — 34 — 20 — — — 24 138 77 — — 23 36 28 151 35 4.9 — 17
Pseudonocardia autrotrophica group A (1) — — — 50 — 14 11 140 442 52 14 72 — — 54 17 79 — — — 50 — — — — —_ -
Pseudonocardia autrotrophica group B (1)  — — — 65 — 19 14 114 390 53 11 73 — — 6.5 14 119 — — 08 55 — — — — - —
Pseudonocardia autrotrophica group C (1)  — 48 — 49 — 06 — 300 430 48 06 39 — — 2.0 3T 08 — — — — _ = — — 1.0 —
Pseudonocardia autrotrophica group D (1)  — 1.7 07 115 09 12 15 51 368 — 39 — — — 8.0 58 62 — — 13 04 04 1.0 — — 03 124
Pseudonocardia autrotrophica group E (1)  — 12 — 52 — — — 197 429 — 12 — 65 — 4.8 16 13 — — — 12 04 08 — — 0.6 124
Pseudonocardia autrotrophica group F (1)  — 22 — 79 04 08 — 226 410 — 11 — 63 — 4.2 2T 15 — — — 10 - — — — 12 7.1
Pseudonocardia autrotrophica group G (1) — 20 05 93 05 15 09 125 411 — 18 — 44 — 4.9 26 45 — — 05 10 04 05 — — 0.7 9.7
Pseudonocardia autrotrophica group H (1)  — 12 — 98 04 12 — 204 365 — 1.0 — 84 — 5.7 30 21 — — — 13 @ — — — — 1.6 73
Pseudonocardia autrotrophica group 1 (1) — 15 04 95 05 11 05 173 365 — 18 — 33 — 6.5 38 38 — — — 12 05 07 08 — 1.2 9.7
Rothia dentocariosa group A (1) — 22 35 74 346 — — — 119 — 241 — — 0.6 - 124 - - - - - — — — — - —
Rothia dentocariosa group B (10) 0.6 27 12 40 519 — — — 186 — 49 — — — 04 156 — — — — — —_ = — — —_ -
Rothia dentocariosa group C (5) 1.6 46 1.7 43 585 — — — 154 — 51 — — — — 85 — - — — — —_ = — — —_ —
Saccharothrix aerocolonigenes group A (1) — 42 — 32 23 — — 236 555 — 15 11 — 0.8 0.6 20 10 — — — 05 — — — — — 12
Saccharothrix aerocolonigenes group B (1) — 141 20 44 37 16 12 42 401 — 37 — 26 — 0.4 1.0 18 14 — 03 — — 04 — — — 155
Streptomyces albus (1) 04 181 — 101 198 09 16 50 331 — 14 — — — 1.5 39 — — 04 03 — 04 — — — — 03
Streptomyces anulatus (1) — 132 04 35 25 — 10 25 281 — 33 10 — — 12 75 04 — 30 — — _ = — — — 14
Streptomyces coelicolor (2) 0.4 59 07 69 257 04 47 36 223 — 96 — — — 22 90 08 — 14 09 — — — — — — 25
Streptomyces griseus group A (1) — 95 04 82 248 — 24 33 274 — 53 — — — 2.0 57 11 — 10 04 — —_ = — — — 46
Streptomyces griseus group B — 90 — 80 223 1.0 36 7.1 243 — 48 12 — — 1.9 75 09 — 09 1.1 — —_ = = — — 24
Streptomyces lavendulae (1) 0.2 36 06 79 34 — 10 19 174 — 61 22 — — 24 135 02 — 29 03 — —_ = — — — 17
Streptomyces rimosus (1) 0.3 48 03 180 267 — 11 39 195 — 24 24 — — 3.0 88 — 08 — — — —_ = — — — 26
Streptomyces somaliensis (1) — 1.8 0.7 134 106 12 51 32 150 — 80 60 — — 3.0 58 58 05 — 09 03 — 04 — — — 143
Streptomyces violaceoruber (1) — 34 40 78 253 — 22 41 214 — 77 21 — — 33 131 05 — 14 06 — — — — — — 20

“ Summed feature 2 (Feature 2) is a combination of 15:1 iso H and 13:0 30H fatty acids, and summed feature 4 (Feature 4) is a combination of 15:0 iso 20H and 16:1 w7t fatty acids.
b fatty acid not detected.
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colonigenes ATCC 35162 is improperly classified to the species
level and possibly to the genus level (30).

(vi) Streptomyces species. All type strains were differentiated
as separate species. The Streptomyces somaliensis type strain
had a different fatty acid content than the other Streptomyces
type strains, as did S. somaliensis ATCC 19437. The proposed
neotype strain of S. somaliensis ATCC 19437 has been reiden-
tified as a strain of S. griseus (14). Strain ATCC 19437 was not
identified by the type strain library entry and was assigned to S.
griseus group B. Eleven strains received as Streptomyces species
as well as three strains received as N. dassonvillei were identi-
fied by the S. griseus group B library entry. Another isolate
identified by the S. coelicolor library entry and nine isolates
were not identified. All strains with the exception of Strepto-
myces rimosus and S. somaliensis contained a small percentage
of a 17:0 cyclo fatty acid, which may be a useful marker in the
identification of Streptomyces species.

To identify a greater percentage of isolates a single-genus-
level library entry was constructed from the Streptomyces type
strains with the exception of S. somaliensis ATCC 33201". This
library entry identified 20 isolates submitted as Streptomyces
species as well as three misidentified strains. This level of
identification could prove to be satisfactory for clinical labo-
ratories because it would rule out the more significant patho-
gens.

Type II species possessing a major percentage of fatty acids
of the straight-chain saturated or monounsaturated type. The
type II species possessing a major percentage of fatty acids of
the straight-chain saturated or monounsaturated type are mem-
bers of closely related genera and include the most commonly
isolated aerobic actinomycetes causing human infections.

(i) Dermatophilus congolensis. D. congolensis differed from
the other type II members because it possessed 14:0 as its
major fatty acid and lacked tuberculostearic acid. All other
genera possessed 16:0, 18:1 w9c, and tuberculostearic acid fatty
acids as their major fatty acids.

(ii) Gordona species. The type strains of the Gordona species
G. aichiensis, G. bronchialis, G. rubropertinctus, G. sputi, and G.
terrae could be differentiated as separate species. Gordona
sputi ATCC 33610 was not identified by the type strain library
entry, and it was assigned to group B, which identified ATCC
33609. One strain was identified by the type strain entry for G.
aichiensis, and another isolate met the identification criteria
with G. bronchialis ATCC 255927

(iii) Mycobacterium species. The type strains of the Myco-
bacterium species M. abscessus, M. chelonae, M. fortuitum, and
M. peregrinum could be differentiated by fatty acid composi-
tion. All isolates of M. abscessus, M. chelonae, and M. peregri-
num, but only 8 of 28 strains of M. fortuitum, were correctly
identified by the type strain library entries. The remaining M.
fortuitum strains were incorrectly identified by our library as M.
peregrinum or were not identified, leaving the differentiation of
these two species in doubt. One M. fortuitum isolate, biochem-
ically identified as a member of the third biovar, was not
identified by any library entry. Another isolate previously iden-
tified biochemically as a member of the M. fortuitum group was
identified by the M. abscessus type strain. Subsequent biochem-
ical testing supported the fatty acid identification.

(iv) Nocardia asteroides. Twenty-two N. asteroides isolates
were identified as Nocardia farcinica, and six isolates were
identified as Nocardia nova. These findings support the con-
clusions of other workers for ATCC 3308 (21, 50), ATCC 6864
(44, 50), ATCC 9504 (44), ATCC 10904 (49), and ATCC 23825
(50). Nocardia asteroides ATCC 13781 had a fatty acid com-
position closely related to that of rapidly growing Mycobacte-
rium species and has been reidentified as Mycobacterium
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senegalense (7, 33). Ten cultures were found to be contami-
nated, containing mixtures of N. asteroides and N. farcinica or
N. nova. Ten isolates of N. asteroides grew too slowly to pro-
duce sufficient biomass for analysis. The type strain library
entry did not identify any of the 23 remaining isolates. Sixteen
isolates were identified by the N. asteroides group B library
entry, and the remaining isolates were assigned to a further five
groups. An isolate received as an aberrant strain of N. aster-
oides was found to possess type I fatty acids and lacked tuber-
culostearic acid, excluding it from the genus Nocardia. Multi-
variate analysis of all type I isolates linked this strain to
Pseudonocardia autotrophica ATCC 19727 and ATCC 33795.
Eleven strains of N. asteroides drug type VI proposed by Wal-
lace et al. (51) were analyzed. Nine strains were identified as
N. asteroides group B, one strain was identified as N. nova
group A, and one strain was not identified but had low SIs with
N. asteroides groups B and E.

(v) Nocardia brasiliensis and Nocardia pseudobrasiliensis. The
four N. brasiliensis isolates in our culture collection partitioned
into three groups, two of which were related. When 23 addi-
tional N. brasiliensis and 12 N. pseudobrasiliensis isolates were
analyzed, 18 N. brasiliensis isolates were identified as N. bra-
siliensis group A and 5 isolates were identified as N. brasiliensis
group B. The 12 N. pseudobrasiliensis isolates were identified as
N. brasiliensis group B or C. The type strain of N. pseudobra-
siliensis was not commercially available. Instead, two of the
strains that had been used in the original description of the
new species were used to create a single library entry. All N.
pseudobrasiliensis strains with one exception were identified by
this entry.

(vi) Nocardia brevicatena. Multivariate analysis of the two N.
brevicatena isolates indicated they were related, but N. brevi-
catena ATCC 15725 was not identified by the type strain library
entry.

(vii) Nocardia carnea. N. carnea ATCC 35163 was not iden-
tified by the library entry for ATCC 6847". Twelve isolates of
N. carnea from clinical sources had insufficient biomass pro-
duction, which precluded analysis.

(viii) Nocardia farcinica. Strains of N. farcinica formed a
homogeneous group with all but 4 of the 73 isolates identified
by the type strain library entry. Of these four isolates, two were
unrelated to any Nocardia type strain, one was identified as N.
nova group A, and one was identified as N. asteroides group B.
The last isolate had the biochemical pattern of N. farcinica but
the susceptibility pattern of N. asteroides drug type VI of Wal-
lace et al. (51). Another isolate possessed an orange-red pig-
ment which is unlike that of any other strain of N. farcinica that
we have examined.

(ix) Nocardia nova. The type strain library entry identified
three strains received as N. nova and two clinical strains re-
ceived as N. asteroides as well as ATCC 10904. The group B
library entry identified 27 isolates as N. nova and identified as
N. nova 4 strains received as N. asteroides. Two strains received
as N. nova were identified as N. farcinica, two strains were
unrelated to any Nocardia library entry, and a single strain
contained a mixture of two N. nova fatty acid groups. Two
strains were not identified by either of the library entries and
formed the nuclei for groups C and D.

(x) Nocardia otitidiscaviarum. The 20 N. otitidiscaviarum
strains examined were heterogeneous, and ATCC 146297,
ATCC 14630, and ATCC 27941 were used as nuclei for three
groups. ATCC 27943 was identified by the type strain library
entry. Multivariate analysis of the remaining strains indicated
that they were most likely separate groups.
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(xi) Nocardia transvalensis. None of the 13 N. transvalensis
strains was identified by the type strain library entry, and with
the exception of 2 isolates, the 13 strains were dissimilar.

(xii) Rhodococcus species. The Rhodococcus type strains
could be separated by their fatty acid compositions. Rhodococ-
cus erythropolis ATCC 11048 was identified by the type strain
library entry, as were eight other strains. Some of these strains
hydrolyzed tyrosine and were negative for acid production
from glucose, glycerol, mannose, trehalose, and xylose, and
their identification could not be confirmed. All of the Rhodo-
coccus equi strains from human sources were identified with
the group B library entry. Six other strains possessed unrelated
fatty acid profiles and were not allocated to groups. The four
American Type Culture Collection (ATCC) strains of R. rho-
dochrous were sufficiently different to be placed in separate
groups.

(xiii) Tsukamurella paurometabola. None of the T. pauro-
metabola isolates was identified by the type strain library entry.
All other isolates were identified by the group B library entry.
Multivariate analysis of T. paurometabola ATCC 8368" (for-
merly Corynebacterium paurometabolum) and ATCC 25938
(formerly Gordona aurantiaca) showed them to be separated
by greater than 10 EDs, indicating separate species.

DISCUSSION

Correct and timely identification of aerobic actinomycetes is
important, because their pathogenic potentials vary and some
species are more likely to cause disseminated disease (29).
Identification has traditionally been accomplished with bio-
chemical testing and the determination of growth characteris-
tics (31, 44). These methods may have insufficient discrimina-
tory power, as evidenced by the emergence of several new
species and subgroups and the reassignment of taxa to different
species or even genera (18, 19, 35, 36, 38, 42, 50-52). Molecular
biology-based methods involving DNA probes, 16S rRNA se-
quencing, DNA amplification, or restriction fragment length
polymorphisms have been shown to be useful in the identifi-
cation of Mycobacterium and Nocardia species (4, 8, 42, 52).

Analysis of fatty acids is a reliable means of bacterial iden-
tification (47, 53). However, application as a means of identi-
fying aerobic actinomycetes has remained limited, even though
the determination of fatty acids has long been used as an aid in
species determination (22). Our attempt at characterizing
pathogenic aerobic actinomycetes using fatty acid profiles met
with limited success, because only 177 of 529 (33.5%) isolates
were identified as valid strains. The remaining isolates were
identified by library entries based on nonvalid species strains or
were not able to be analyzed due to insufficient growth. In our
study the only uncontrolled factors were intrinsic characteris-
tics of the isolate. Therefore, our fatty acid groups, developed
by using a heuristic or self-educating approach, reflect either
variables which affect fatty acid composition or limitations of
current taxonomy.

The heterogeneity of species has been recognized by a vari-
ety of techniques for many of the aerobic actinomycetes. A.
orientalis isolates exhibit variability in lysozyme and phage sus-
ceptibility as well as their fatty acid makeup (13, 24). Our
finding of fatty acid diversity within R. dentocariosa was sup-
ported by the findings of Lesher et al. (25), who recognized
four biotypes and three serotypes, but was not in accord with
the findings of Bernard et al. (2), who did not report fatty acid
heterogeneity within this species.

The genus Gordona currently consists of six validly recog-
nized species (19, 38, 41, 55). Infections with G. aichiensis, G.
rubropertinctus, G. sputi, G. terrae, and G. bronchialis have been
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reported, with infections with G. bronchialis being the most
frequent (29, 45). We examined a small number of Gordona
isolates and found diversity within recognized species. This
supports the work of Tsukamura (45), who in his original
description noted variants of G. bronchialis as well as other
isolates that he thought were Gordona species but that he did
not assign to taxons. We were not able to differentiate M.
fortuitum from M. peregrinum. Similarly, Thibert and LaPierre
(43) were unable to identify the three former biovars of M.
fortuitum using analysis of high-molecular-weight mycolic ac-
ids.

Based on antibiotic susceptibility, phenotypic testing, molec-
ular evidence, and our own work, it is apparent that N. aster-
oides new sense still contains a number of distinct groups or
taxa (4, 31, 46, 51). Ridell (37), using immunodiffusion studies,
concluded that ATCC 19247 was divergent from most strains
of the species, and Wallace et al. (49) found the isolate to have
a rare drug resistance pattern. This supports our findings be-
cause none of the 23 isolates that we examined was identified
by the type strain library entry. However, we were able to
identify 95% of N. farcinica isolates submitted to us. Wallace et
al. (50) noted that some variation existed within the species
because two of the strains used in the original description were
susceptible to lysozyme.

The final identification of isolates as V. asteroides new sense,
N. farcinica, or N. nova could often be predicted from their
colonial morphologies. Most N. asteroides new sense isolates
produced good growth that was adherent to the TSBA, abun-
dant white aerial mycelia, and no colonial pigmentation. N.
farcinica isolates usually produced good growth that had a
nonadherent creamy or waxy consistency, without aerial hy-
phae, and a distinct orange pigment. N. nova isolates usually
produced fine adherent growth, abundant white aerial mycelia,
and an orange pigment.

Multivariate analysis of our four original strains of N. bra-
siliensis corroborated the conclusions of Wallace et al. (52) and
Ruimy et al. (39) that two species existed within this taxon and
demonstrates the differentiating power of fatty acid analysis.

Heterogeneity within N. otitidiscaviarum and N. transvalensis
has been described previously (34, 37, 42) and is consistent
with our findings. Recently, Steingrube et al. (42), using PCR
to amplify a 439-bp segment of the 65-kDa heat shock protein
gene from Nocardia species, detected three groups in N. ofiti-
discaviarum and two groups in N. transvalensis.

Taxonomic revisions within the genus Rhodococcus have
been extensive, and it currently consists of 12 species, 6 of
which have been associated with human infections (18, 19, 29,
36, 38). The six species that we studied possessed the fatty acid
16:0 10-methyl. This fatty acid was absent from Rhodococcus
species reassigned to other genera but was present in species
reassigned to Rhodococcus from other genera (18, 19, 36) and
might be a useful marker for Rhodococcus species. Diversity
within R. equi was expected because two groups have been
detected by using biochemical testing, three groups have been
detected by using mycolic acid pattern analysis, and fatty acid
heterogeneity has been reported (5, 12, 15, 28, 32). Fatty acid
differences in the strains that we examined suggest that two
groups exist within the current taxon. Group B, based on a
strain cultured from a prostatic abscess, is the most commonly
isolated group and identified all strains of human origin (27).
We encountered several clinical isolates that, on the basis of
phenotypic testing, were initially thought to be Rhodococcus
species but that were not identified by our library entries.
Goodfellow et al. (12) described 26 clusters of suspect Rhodo-
coccus isolates that could not be assigned to a valid taxon.

Our findings agree with those of Auerbach et al. (1) who
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analyzed 12 outbreak-related strains of 7. paurometabola plus
two strains isolated after the outbreak and found them to be
similar to ATCC 25938, but our findings are in contrast to
those of Goodfellow et al. (11), who found environmental
strains of 7. paurometabola to be distinct from ATCC 25938.

Many species of aerobic actinomycetes were described prior
to the availability of or without DNA hybridization techniques.
Some have been described by DNA hybridization techniques,
but with the biochemical data based only on the type strain or
a limited number of reference strains. Since the majority of
clinical laboratories identify isolates solely by biochemical test-
ing, this may lead to incorrect identifications. Fatty acid anal-
ysis certainly offers improved identification, but its discrimina-
tory power leads to the detection of much heterogeneity within
recognized species. This can obscure identification for those
who are inexperienced.

Fatty acid analysis appears to be a useful technique for the
rapid identification of some aerobic actinomycetes. The fatty
acid heterogeneity within most species necessitates the cre-
ation of fatty acid groups of presently unknown significance.
These groups likely represent phenotypically similar species or
subspecies, or they could possibly be artifacts caused by growth
variables. Analysis of more isolates of all species plus data
from DNA methods is required to clarify the validity and
significance of fatty acid groups.

ACKNOWLEDGMENTS

We are grateful to Richard J. Wallace, Jr., and Barbara A. Brown for
helpful dialogue, suggestions, and critical reading of the manuscript.
We thank Richard Summerbell, Mycology Section, Public Health Lab-
oratories, Toronto, Ontario, Canada; Kathy Bernard, Special Bacteri-
ology Section, Laboratory Centres for Disease Control, Ottawa, On-
tario, Canada; and Zeta Blacklock, Queensland Health, Brisbane,
Australia, for performing biochemical testing of some of the isolates.
We also thank everyone who generously donated cultures, especially
Patrick Boiron, Institut Pasteur, Paris, France, and Zeta Blacklock.

REFERENCES

. Auerbach, S. B., M. M. McNeil, J. M. Brown, B. A. Lasker, and W. R. Jarvis.
1992. Outbreak of pseudoinfection with Tsukamurella paurometabolum
traced to a laboratory contamination: efficacy of a joint epidemiological and
laboratory investigation. Clin. Infect. Dis. 14:1015-1022.

2. Bernard, K. A., M. Bellefeuille, and E. P. Ewan. 1991. Cellular fatty acid
composition as an adjunct to the identification of asporogenous, aerobic
gram-positive rods. J. Clin. Microbiol. 29:83-89.

3. Boiron, P., F. Prost, G. Chevrier, and B. Dupont. 1992. Review of nocardial
infections in France 1987 to 1990. Eur. J. Clin. Microbiol. Infect. Dis. 11:
709-714.

4. Brownell, G. H., and K. E. Belcher. 1990. DNA probes for the identification
of Nocardia asteroides. J. Clin. Microbiol. 28:2082-2086.

5. Butler, W. R., J. O. Kilburn, and G. P. Kubica. 1987. High-performance
liquid chromatography analysis of mycolic acids as an aid in laboratory
identification of Rhodococcus and Nocardia species. J. Clin. Microbiol. 25:
2126-2131.

6. Carson, M., and A. Hellyar. 1994. Opacification of Middlebrook agar as an
aid in distinguishing Nocardia farcinica within the Nocardia asteroides com-
plex. J. Clin. Microbiol. 32:2270-2271.

7. Chamoiseau, G. 1979. Etiology of farcy in African bovines: nomenclature of
the causal organisms Mycobacterium farcinogenes Chamoiseau and Mycobac-
terium senegalense (Chamoiseau) comb. nov. Int. J. Syst. Bacteriol. 29:407—
410.

8. Chun, J., and M. Goodfellow. 1995. A phylogenetic analysis of the genus
Nocardia with 16S rRNA gene sequences. Int. J. Syst. Bacteriol. 45:240-245.

9. Collins, M. D., M. Goodfellow, and D. E. Minnikin. 1982. Fatty acid com-
position of some mycolic acid-containing coryneform bacteria. J. Gen. Mi-
crobiol. 128:2503-2509.

10. Flores, M., and E. Desmond. 1993. Opacification of Middlebrook agar as an

aid in identification of Nocardia farcinica. J. Clin. Microbiol. 31:3040-3041.

11. Goodfellow, M., J. Zakrzewksa-Cerwinska, E. G. Thomas, M. Mordarski,

A. C.Ward, and A. L. James. 1991. Polyphasic taxonomic study of the genera

Gordona and Tsukamurella including the description of Tsukamurella

wratislaviensis sp. nov. Zentralbl. Bakteriol. Parasitenkd. Infektionskr. Hyg.

Abt. 1 Orig. 275:162-178.

IDENTIFICATION OF AEROBIC ACTINOMYCETES 1367

12. Goodfellow, M., E. G. Thomas, A. C. Ward, and A. L. James. 1990. Charac-
terization and identification of rhodococci. Zentralbl. Bakteriol. Mikrobiol.
Hyg. Abt. 1 Orig. Reihe A 274:299-315.

13. Gordon, R. E., S. K. Mishra, and D. A. Barnett. 1978. Some bits and pieces
of the genus Nocardia: N. carnea, N. vaccinii, N. transvalensis, N. orientalis
and N. aerocolonigenes. J. Gen. Microbiol. 109:69-78.

14. Gordon, R. E., and A. C. Horan. 1968. A piecemeal description of Strepto-
myces griseus (Krainsky) Waksman and Henrici. J. Gen. Microbiol. 50:223—
233.

15. Gotoh, K., M. Mitsuyama, S. Imaizumi, I. Kawamura, and I. Yano. 1991.
Mpycolic acid-containing glycolipid as a possible virulence factor of R. equi for
mice. Microbiol. Immunol. 35:175-185.

16. Grund, E., and R. M. Kroppenstedt. 1990. Chemotaxonomy and numerical
taxonony of the genus Nocardiopsis Meyer 1976. Int. J. Syst. Bacteriol. 40:5—
11.

17. Hollis, D. G., and R. E. Weaver. 1981. Gram-positive organisms: guide to
identification. Centers for Disease Control, Atlanta, Ga.

18. Klatte, S., F. A. Rainey, and R. M. Kroppenstedt. 1994. Transfer of Rhodo-
coccus aichensis Tsukamura 1982 and Nocardia amarae Lechevalier and
Lechevalier 1974 to the genus Gordona as Gordona aichiensis comb. nov. and
Gordona amarae comb. nov. Int. J. Syst. Bacteriol. 44:769-773.

19. Klatte, S. K. Jahnke, R. M. Kroppenstedt, R. Rainey, and E. Stackebrandt.
1994. Rhodococcus luteus is a later subjective synonym of Rhodococcus fas-
cians. Int. J. Syst. Bacteriol. 44:627-630.

20. Kroppenstedt, R. M. 1985. Fatty acid and menaquinone analysis of actino-
mycetes and related organisms. Soc. Appl. Bacteriol. Technol. Ser. 20:173—
199.

21. Kudo, T., K. Hatai, and A. Seino. 1988. Nocardia seriola sp. nov. causing
nocardiosis in cultured fish. Int. J. Syst. Bacteriol. 38:173-178.

22. Lechevalier, H. A. 1984. Section 26. Aerobic actinomycetes, p. 2348. In S. T.
Williams, M. E. Sharpe, and J. G. Holt (ed.), Bergey’s manual of systematic
bacteriology, vol. 4. The Williams & Wilkins Co., Baltimore, Md.

23. Lechevalier M. P. 1977. Lipids in bacterial taxonomy—a taxonomist’s view.
Crit. Rev. Microbiol. 5:109-210.

24. Lechevalier, M. P., H. Prauser, D. P. Labeda, and J.-S. Ruan. 1986. Two new
genera of nocardioform actinomycetes: Amycolata gen. nov. and Amycola-
topsis gen. nov. Int. J. Syst. Bacteriol. 36:29-37.

25. Lesher, R. J., and M. A. Gerencser, and V. F. Gerencser. 1974. Morpholog-
ical, biochemical, and serological characterization of Rothia dentocariosa.
Int. J. Syst. Bacteriol. 24:154-159.

26. Magnuson, K., S. Jackowski, C. O. Rock, and J. E. Cronan, Jr. 1993.
Regulation of fatty acid biosynthesis in Escherichia coli. Microbiol. Rev. 57:
522-542.

27. Mandarino, E., A. Rachlis, M. Towers, and A. E. Simor. 1994. Prostatic
abscess due to Rhodococcus equi in a patient with acquired immunodefi-
ciency syndrome. Clin. Microbiol. Newsl. 16:14-16.

28. McNeil, M., J. Brown, G. Cage, and L. Getsinger. 1993. Characterization of
Rhodococcus equi clinical isolates using high performance liquid chromatog-
raphy, abstr. F-53, p. 536. In Abstracts of the 93rd General Meeting of the
American Society for Microbiology 1993. American Society for Microbiol-
ogy, Washington, D.C.

29. McNeil, M. M., and J. M. Brown. 1994. The medically important aerobic
actinomycetes: epidemiology and microbiology. Clin. Microbiol. Rev. 7:357—
417.

30. Microbial Identification, Inc. 1992. Microbial Identification System operat-
ing manual, version 4. Microbial Identification, Inc., Newark, Del.

31. Mishra, S. J., R. E. Gordon, and D. A. Barnett. 1980. Identification of
nocardiae and streptomycetes of medical importance. J. Clin. Microbiol. 11:
728-736.

32. Muller, F., K. P. Schaal, A. von Graevenitz, L. von Moos, J. B. Woolcock, J.
Waust, and A. F. Yassin. 1988. Characterization of Rhodococcus equi-like
bacterium isolated from a wound infection in a noncompromised host.
J. Clin. Microbiol. 26:618-620.

33. Orchard, S. J., R. E. Gordon, and D. A. Barnett. 1980. Numerical classifi-
cation of some named strains of Nocardia asteroides and related isolates from
soil. J. Gen. Microbiol. 118:295-312.

34. Pommier, M. T., and G. Michel. 1985. Glyceric acid-containing glycolipid: a
specific chemotaxonomic marker of Nocardia otitidiscaviarum. Syst. Appl.
Microbiol. 6:137-142.

35. Poschner, J., R. M. Kroppenstedt, A. Fischer, and E. Stackbrandt. 1985.
DNA-DNA-reassociation and chemotaxonomic studies of Actinomadura,
Microbispora, Microtetraspora, Micropolyspora and Nocardiopsis. Syst. Appl.
Microbiol. 6:264-270.

36. Rainey, F. A., J. Burghardt, R. Kroppenstadt, S. Klatte, and E. Stack-
ebrandt. 1995. Polyphasic evidence for the transfer of Rhodococcus roseus to
Rhodococcus rhodochrous. Int. J. Syst. Bacteriol. 45:101-103.

37. Ridell, M. 1981. Immunodiffusion studies of some Nocardia strains. J. Gen.
Microbiol. 123:69-74.

38. Riegel, P., M. V. Kamne-Fotso, D. DeBriel, G. Prevost, F. Jehl, Y. Piemont,
and H. Monteil. 1994. Rhodococcus chubuensis Tsukamura 1982 is a later
synonym of Gordona sputi (Tsukamura 1978) Stackebrandt 1989 comb. nov.
Int. J. Syst. Bacteriol. 44:764-768.



1368

39.

40.

41.

42

43.

44,

45.

46.

McNABB ET AL.

Ruimy, R., P. Reigel, A. Carlotti, P. Boiron, G. Bernardin, H. Monteil, R. J.
Wallace, Jr., and R. Christen. 1996. Nocardia pseudobrasiliensis sp. nov., a
new species of Nocardia which groups bacterial strains previously identified
as Nocardia brasiliensis and associated with invasive diseases. Int. J. Syst.
Bacteriol. 46:259-264.

Schaal, K. P., and H. Lee. 1992. Actinomycete infections in humans—a
review. Gene 115:201-211.

Stackebrandt, E., J. Smida, and M. D. Collins. 1988. Evidence of phyloge-
netic heterogeneity within the genus Rhodococcus: revival of the genus
Gordona (Tsukamura). J. Gen. Appl. Microbiol. 34:341-348.

Steingrube, V. A., B. A. Brown, J. L. Gibson, R. W. Wilson, J. Brown, Z.
Blacklock, K. Jost, S. Lock, R. F. Ulrich, and R. J. Wallace, Jr. 1995. DNA
amplification and restriction endonuclease analysis for differentiation of 12
species and taxa of Nocardia, including recognition of four new taxa within
the Nocardia asteroides complex. J. Clin. Microbiol. 33:3096-3101.

Thibert, L., and S. LaPierre. 1993. Routine application of high-performance
liquid chromatography for identification of mycobacteria. J. Clin. Microbiol.
31:1759-1763.

Tsukamura, M. 1969. Numerical taxonomy of the genus Nocardia. J. Gen.
Microbiol. 56:265-287.

Tsukamura, M. 1971. Proposal of a new genus, Gordona, for slightly acid-
fast organisms occurring in sputa of patients with pulmonary disease and in
soil. J. Gen. Microbiol. 68:15-26.

Tsukamura, M. 1982. Numerical analysis of the taxonony of Nocardiae and
Rhodococci. Division of Nocardia asteroides sensu stricto into two species
and descriptions of Nocardia paratuberculosis sp. nov. Tsukamura (formerly
the Kyoto-I group of Tsukamura), Nocardia nova sp. nov. Tsukamura,
Rhodococcus aichiensis sp. nov. Tsukamura, Rhodococcus chubuensis sp. nov.
Tsukamura, and Rhodococcus obuensis sp. nov. Tsukamura. Microbiol. Im-
munol. 26:1101-1119.

47.

48.

49.

50.

51

52.

53.

54.

55.

J. CLIN. MICROBIOL.

Veys, A., W. Callewaert, E. Waelkens, and K. Van Den Abbeele. 1989. Ap-
plication of gas-liquid chromatography to the routine identification of non-
fermenting gram-negative bacteria in clinical specimens. J. Clin. Microbiol.
27:1538-1542.

Wallace, R. J., Jr., and L. C. Steele. 1988. Susceptibility testing of Nocardia
species for the clinical laboratory. Diagn. Microbiol. Infect. Dis. 9:155—
166.

Wallace, R. J., Jr., B. A. Brown, M. Tsukamura, J. M. Brown, and G. O.
Onyi. 1991. Clinical and laboratory features of Nocardia nova. J. Clin. Mi-
crobiol. 29:2407-2411.

Wallace, R. J., Jr., M. Tsukamura, B. A. Brown, J. Brown, V. A. Steingrube,
Y. Zhang, and D. R. Nash. 1990. Cefotaxime-resistant Nocardia asteroides
strains are isolates of the controversial species Nocardia farcinica. J. Clin.
Microbiol. 28:2726-2732.

Wallace, R. J., Jr., L. C. Steele, G. Sumter, and J. M. Smith. 1988. Antimi-
crobial susceptibility patterns of Nocardia asteroides. Antimicrob. Agents
Chemother. 32:1776-1779.

Wallace, R. J., Jr., B. A. Brown, Z. Blacklock, R. Ulrich, K. Jost, J. M. Brown,
M. M. McNeil, G. Onyi, V. A. Steingrube, and J. Gibson. 1995. New Nocardia
taxon among isolates of Nocardia brasiliensis associated with invasive disease.
J. Clin. Microbiol. 33:1528-1533.

Welch, D. F. 1991. Applications of cellular fatty acid analysis. Clin. Micro-
biol. Rev. 4:422-438.

Yassin, A. F., E. A. Galinski, A. Wohlfarth, K. D. Jahnke, K. P. Schaal, and
H. G. Truper. 1993. A new actinomycete species, Nocardiopsis lucentensis sp.
nov. Int. J. Syst. Bacteriol. 43:266-271.

Zakrezewska-Czerwinska, J., M. Mordarski, and M. Goodfellow. 1988. DNA
base compositions and homology values in the classification of some Rhodo-
coccus species. J. Gen. Microbiol. 134:2807-2813.



