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Antimicrobial Susceptibility among Clinical Nocardia Species
Identified by Multilocus Sequence Analysis
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Antimicrobial susceptibility patterns of 112 clinical isolates, 28 type strains, and 9 reference strains of Nocardia were determined
using the Sensititre Rapmyco microdilution panel (Thermo Fisher, Inc.). Isolates were identified by highly discriminatory multi-
locus sequence analysis and were chosen to represent the diversity of species recovered from clinical specimens in Ontario, Can-
ada. Susceptibility to the most commonly used drug, trimethoprim-sulfamethoxazole, was observed in 97% of isolates. Linezolid
and amikacin were also highly effective; 100% and 99% of all isolates demonstrated a susceptible phenotype. For the remaining
antimicrobials, resistance was species specific with isolates of Nocardia otitidiscaviarum, N. brasiliensis, N. abscessus complex,
N. nova complex, N. transvalensis complex, N. farcinica, and N. cyriacigeorgica displaying the traditional characteristic drug
pattern types. In addition, the antimicrobial susceptibility profiles of a variety of rarely encountered species isolated from clini-
cal specimens are reported for the first time and were categorized into four additional drug pattern types. Finally, MICs for the
control strains N. nova ATCC BAA-2227, N. asteroides ATCC 19247", and N. farcinica ATCC 23826 were robustly determined to
demonstrate method reproducibility and suitability of the commercial Sensititre Rapmyco panel for antimicrobial susceptibility
testing of Nocardia spp. isolated from clinical specimens. The reported values will facilitate quality control and standardization

among laboratories.

Nocardia species are a group of filamentous, branching, Gram-
positive, modified-acid-fast bacilli that normally exist as soil
saprophytes but can cause disease in immunosuppressed and
healthy individuals (1). Most infections involve inhalation of frag-
ments of filaments, resulting in pulmonary nocardiosis and pneu-
monia, which can be followed by dissemination to the heart, skin,
subcutaneous tissue, and central nervous system (1).

Nocardia taxonomy has been linked to specific patterns of an-
timicrobial susceptibility ever since the foundational work by
Wallace et al. (2) established the presence of six drug pattern types
among the Nocardia asteroides species complex. Subsequent re-
search linked the drug pattern types with the following Nocardia
species: N. abscessus, drug pattern type I; N. brevicatena/pauciv-
orans complex, drug pattern type II; N. nova complex, drug pat-
tern type III; N. transvalensis complex, including N. wallacei and
N. blacklockiae, drug pattern type IV; N. farcinica, drug pattern
type V; and N. cyriacigeorgica, drug pattern type VI (1, 3). To-
gether with N. brasiliensis and N. otitidiscaviarum, N. abscessus, N.
nova, N. farcinica, and N. cyriacigeorgica are frequently associated
with clinical infections (2, 4). With the clinical application of DNA
sequencing, Nocardia taxonomy has changed and expanded rap-
idly. Previously identified species have been reclassified as species
complexes encompassing multiple species, and numerous novel
Nocardia species have been identified (5). Currently, 87 species are
enumerated in the List of Prokaryotic Names with Standing in
Nomenclature (LPSN) (http://www.bacterio.net/nocardia.html),
many of which are clinically significant (1).

However, data on antimicrobial susceptibility has lagged be-
hind the advances in taxonomy, with only a few reports providing
recent data on newer antimicrobials (4, 6, 7, 8, 9, 10, 11, 12, 13).
These reports largely focus on the species traditionally associated
with clinical infections, such that antimicrobial susceptibility data
are not available for a large number of newly identified, but clin-
ically relevant, Nocardia species that are isolated less frequently in
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the clinical laboratory. Furthermore, the species in these studies
were identified using microscopy and biochemical testing, or the
identification relied heavily on the 16S rRNA gene sequence anal-
ysis, both of which are unable to reliably discriminate many No-
cardia species (5, 14, 15).

The purpose of this study was to profile the antimicrobial sus-
ceptibility patterns of a diverse range of Nocardia species isolated
from clinical specimens. Unlike the previous studies, all isolates
were identified with a high degree of confidence and discrimina-
tion using multilocus sequence analysis (MLSA) (5). Thus, we
provide a timely update on the antimicrobial susceptibility pat-
terns of the species frequently isolated from clinical specimens,
such as N. brasiliensis, N. otitidiscaviarum, N. abscessus complex,
N. nova complex, N. farcinica, and N. cyriacigeorgica, and detail
novel data on the antimicrobial susceptibility of a variety of rarely
encountered species. Additionally, the antimicrobial susceptibil-
ity testing (AST) was performed using the commercial Sensititre
Rapmyco microdilution panel (Thermo Fisher, Inc., Cleveland,
OH, USA). We report robustly determined MIC values for three
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TABLE 1 MIC range and mode of quality control strains N. nova ATCC BAA-2227, N. asteroides ATCC 19247%, and N. farcinica ATCC 23825
obtained during 20 independent determinations using Sensititre Rapmyco broth microdilution panels

Results for N. nova ATCC BAA-2227

Results for N. asteroides ATCC 19247

MIC (pg/ml) Expected MIC (ug/ml) MIC (pg/ml)
Antimicrobial agent Range Mode Susceptibility” Range Mode Susceptibility Range Mode Susceptibility
Amikacin =1 =1 S =0.5 =0.5 S =1to2 =1 S
Amoxicillin-clavulanic  16/8 to 32/16 32/16 R 0.06/0.03 to >32/16 >32/16 R 32/16 to 64/32 64/32 R
acid
Cefepime 2to4 4 S ND ND 41032 16 I
Ceftriaxone =4 =4 S =4to 16 =4 S =4to8 <4 S
Ciprofloxacin >4 >4 R 0.5 to >4 >4 R >4 >4 R
Clarithromycin =0.06 =0.06 S =0.06t0 0.12 =0.06 S 2to4 2 S
Doxycycline 8 8 R ND ND 1-2 2 I
Imipenem =2 =2 S =0.5 =0.5 S =2to4 =2 S
Linezolid =1 =1 S =0.5t02 1 S =1to2 =1 S
Minocycline 2to4 2 I 0.25to >8 2 I =1 =1 S
Moxifloxacin 2to4 2 I =0.5to 4 4 R 2 2 I
Tigecycline 1to2 2 0.5t0 8 4 0.5t02 1
Tobramycin 8to 16 16 R =0.12to >16 >16 R =1to2 =1 N
Trimethoprim- 0.5/9.5 to 1/19 S =0.25/4.8 to 1/19 =0.25/4.8 S =0.25/4.75t0 =0.25/4.75 S
sulfamethoxazole 1/19 0.5/9.5

quality control (QC) strains to demonstrate the suitability of this
product for the determination of antimicrobial susceptibility pro-
files of clinical isolates of Nocardia spp. and to facilitate the vali-
dation and implementation of this method in other clinical labo-
ratories.

MATERIALS AND METHODS

A total of 112 clinical isolates, 28 type strains, and 9 reference strains were
previously identified to the species level by MLSA. Briefly, partial se-
quences of five loci, including genes for gyrase B, the B-subunit of DNA
topoisomerase (gyrB) (482 bp), 16S rRNA (16S) (462 bp), subunit A of
SecA preprotein translocase (secAI) (445 bp), 65-kDa heat shock protein
(hsp65) (400 bp), and RNA polymerase (rpoB) (400 bp), were concate-
nated and compared to sequences of 36 type and 11 reference strains.
Using neighbor-joining phylogenetic analysis, we noted sequence clusters
with >85% bootstrap support that each contained a single type strain in
most cases. Therefore, identification of isolates was made according to
their species cluster (5). In all cases, the identifications provided by MLSA
were consistent with (i.e., not discrepant) although often more discrimi-
natory than those generated by the CLSI-recommended targets 16S and
secAl (16), which were included in the MLSA.

The strains were selected to represent the diversity of Nocardia species
isolated by the Mycology Section of the Ontario Public Health Laboratory,
Public Health Ontario, from December 2005 through July 2011. Follow-
ing revival from storage in 20% (wt/vol) glycerol at —80°C, isolates were
subcultured twice on GYM Streptomyces medium (0.4% glucose, 0.4%
yeast extract, 1% malt extract, 0.2% CaCOjs, and 1.2% agar) agar plates
and incubated at 37°C for 3 to 4 days prior to antimicrobial susceptibility
testing. The type and reference strains included in this study are listed in
Table S1 in the supplemental material.

AST of all isolates was determined by broth microdilution using the
Sensititre Rapmyco microdilution panel (Thermo Fisher, Inc., Cleveland,
OH, USA), according to CLSI M24-A2 guidelines (17, 18) and the man-
ufacturer’s instructions (amikacin, 1 to 64 pg/ml; amoxicillin-clavulanic
acid, 2/1 to 64/32 pg/ml; cefepime, 1 to 32 pg/ml; ceftriaxone, 4 to 64
wg/ml; ciprofloxacin, 0.12 to 4 pg/ml; clarithromycin, 0.03 to 16 pg/ml;
doxycycline, 2 to 64 pwg/ml; imipenem, 2 to 64 wg/ml; linezolid, 1 to 32
pg/ml; minocycline, 1 to 8 pwg/ml; moxifloxacin, 0.25 to 8 pg/ml; tigecy-
cline, 0.015 to 4 pg/ml; tobramycin, 1 to 16 pg/ml; and trimethoprim-
sulfamethoxazole [SXT], 0.25/4.75-8/152 wg/ml). (Note: this panel has
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not received Food and Drug Administration clearance and is therefore
designated for research use only, not for use in diagnostic procedures.)
Cefoxitin (4 to 128 g/ml) is present on the panel but is not reported on as
it has not been shown to be useful for Nocardia infections in vivo. There
are no CLSI breakpoints for tigecycline, and clinical experience is limited
with this antibiotic. However, it appears to have good in vitro activity
against a number of Nocardia species and is therefore included in this
study. In order to achieve a homogeneous suspension, an isolate was ini-
tially suspended in 200 wl of sterile water and dispersed using a sterilized
plastic disposable pestle (Kimble Chase, Vineland, NJ, USA). The suspen-
sion was adjusted to a 0.5 McFarland turbidity standard using a nephe-
lometer, and 50 pl was transferred to 10 ml of Mueller-Hinton broth.
Each well of the panel was inoculated with 100 p.l of the Mueller-Hinton
broth. MIC values were interpreted as susceptible (S), intermediate (I), or
resistant (R) according to the CLSI (18) after 48 to 72 h of incubation at
37°C when moderate growth was observed in the positive-control well.
Four isolates (N. transvalensis NRRL B-10637, N. exalbida DSM 44883, N.
gamkensis DSM 44956, and a clinical isolate of N. anaemiae) required 96 h
of incubation before the positive-control well exhibited acceptable
growth. For these isolates, MIC values were determined at 96 h; however,
imipenem results were not recorded due to its instability noted by us and
others (19).

N. nova ATCC BAA-2227 (incubated for 72 h), N. asteroides ATCC
19247" (incubated for 72 h), and N. farcinica ATCC 23826 (incubated for
48 h) (American Type Culture Collection, Manassas, VA, USA) were cho-
sen as quality control organisms with antimicrobial susceptibility deter-
mined by a series of 20 independent trials conducted on 20 separate days
over a period of 2 months (17, 18).

RESULTS

The MIC values for the control strains N. nova ATCC BAA-2227, N.
asteroides ATCC 19247, and N. farcinica ATCC 23826 demon-
strated a high degree of reproducibility and strong correlation with
published data on resistance profiles of the three strains (14, 20, 21)
(Table 1). The data indicate that the Sensititre Rapmyco microdilu-
tion panel is suitable for the routine determination of the antimicro-
bial resistance patterns of Nocardia spp. in the clinical laboratory.
Using the Sensititre Rapmyco panel, we determined antimi-
crobial susceptibility profiles for 149 Nocardia isolates. All isolates
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TABLE 1 (Continued)

Nocardia Antimicrobial Susceptibility

Results for N. asteroides ATCC 19247"

Results for N. farcinica ATCC 23826

Expected MIC® (g/ml) MIC (pg/ml) Expected MIC

Range Mode Susceptibility Range Mode Susceptibility (pg/ml) Susceptibility
=0.12-0.25 =0.12 S =1 =1 S =0.25 S
64 64 R 8/4 to 32/16 8/4 S ND*

ND ND 16 to >32 >32 R ND

4 S 16 to >64 64 R >64 R
8to 16 8 R 0.25t0 2 0.25 S 1 S
ND ND 8to>16 >16 R ND

ND ND 2to4 4 I ND

1 1 S 4to 16 8 1 8 1
ND ND =1to2 2 S ND

1 1 S =1to4 2 I ND

ND ND =0.25to 1 =0.25 S ND

ND ND 1to4 2 ND

ND ND 8to 16 16 R >16 R
0.06 to 0.12 0.06 S 0.25/4.75 to 1/19 1/19 ND

“The MIC mode values are interpreted as susceptible (S), intermediate (I), or resistant (R) according to CLSI M24-A2 (18).

b The expected MIC for N. nova ATCC BAA-2227 is taken from Conville et al. (7).

“ The expected MIC for N. asteroides ATCC 19247 is taken from Tomlin et al. (20).
@ The expected MIC for N. farcinica ATCC 23826 is taken from Wallace et al. (21).
¢ND, no data.

were previously identified with a high degree of confidence and
discrimination using MLSA (5) and were selected to represent the
spectrum of species recovered from clinical specimens in Ontario,
Canada, including both those that are traditionally recognized as
clinically relevant and those that are rarely encountered. The per-
centage of susceptible isolates for each of the antibiotics for each of
the species or species complexes is listed in Table 2. MIC ranges,
MIC,, values, and MIC,, values are available in Tables S2, S3, and
S4 in the supplemental material. Linezolid, amikacin, and SXT
were the most effective antimicrobials with 100%, 99%, and 97%,
respectively, of Nocardia isolates demonstrating susceptibility
(Table 2). For the tetracyclines, none of the isolates were resistant
to minocycline and only 11% were resistant to doxycycline; how-
ever, the rates of intermediate resistance were high at 39% and
52%, respectively (Table 2). For the remaining antimicrobials,
substantial numbers of Nocardia isolates were resistant, and resis-
tance was species specific (Table 2).

DISCUSSION

The CLSI guidelines recommend broth microdilution for the de-
termination of the antimicrobial susceptibility of Nocardia spp.
(18). While in-house prepared panels are specified in that docu-
ment, we have demonstrated the suitability of the Sensititre Rap-
myco microdilution panel for the determination of antimicrobial
susceptibility patterns of clinical isolates of Nocardia spp. MIC
values for the three control strains, N. nova ATCC BAA-2227, N.
asteroides ATCC 19247%, and N. farcinica ATCC 23826, were
highly reproducible and correlated well with expected resistance
profiles (7, 20, 21). The MIC values are published here to assist
other clinical laboratories in implementing quality control guide-
lines for the validation of Nocardia antimicrobial susceptibility
testing assays using this commercial panel.

The reproducibility of the broth microdilution method for an-
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timicrobial susceptibility testing of Nocardia species was recently
demonstrated by Conville and colleagues (7) in a multisite study
using panels custom made by Thermo Fisher, Inc. (Cleveland,
OH). Prior to this study, non-Nocardia, rapidly growing bacteria
were recommended as QC strains for susceptibility testing, despite
their very different growth characteristics during susceptibility
testing. As an outcome of the work of Conville et al. (7), N. nova
ATCC BAA-2227 was recommended as the Nocardia reference
strain for antimicrobial susceptibility testing of Nocardia spp. Our
testing of N. nova ATCC BAA-2227 showed that not only were our
results reproducible over 20 repeat tests but we also obtained
MICs that were within the mode = 1 dilution for all antimicrobi-
als tested in the Conville et al. study (7), except for two drugs
(amikacin and imipenem) where the Sensititre Rapmyco panel
did not include dilutions as low as those on the in-house study
panel. For all but one drug, we obtained the identical interpretive
call as the expected interpretation established in the Conville et al.
study (7). The one exception was moxifloxacin, where our MIC
mode was one dilution lower than their MIC mode, resulting in an
“intermediate” interpretation by us and a “resistant” interpreta-
tion by Conville et al. (7), which is defined as a minor interpretive
error (7). However, they also noted a substantial number (38.1%)
of tests with an intermediate interpretation (7). These results in-
dicate that the Sensititre Rapmyco panel is equivalent to custom-
made panels prepared according to the CLSI guidelines (18).
Beyond validation, the Sensititre Rapmyco panels were used to
assess a set of Nocardia isolates well characterized by MLSA in
order to provide a comprehensive update on the antimicrobial
susceptibility patterns of the most diverse set of species to date,
including those that are traditionally recognized and many that
are rarely encountered in a clinical setting. Trimethoprim-sul-
famethoxazole (SXT) is the usual drug of choice for the treat-
ment of Nocardia infections, making surveillance of SXT suscep-
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TABLE 2 Percentage of Nocardia isolates susceptible to the antimicrobials amikacin, amoxicillin-clavulanic acid, cefepime, ceftriaxone,
ciprofloxacin, clarithromycin, doxycycline, imipenem, linezolid, minocycline, moxifloxacin, tobramycin, and trimethoprim-sulfamethoxazole

Susceptibility or % susceptible to”:

No. of
Species (type drug pattern [1, 2]) isolatess AMK AMC FEP CRO CIP CLR DOX IPM LZD MIN MXF TOB SXT
N. abscessus complex (I) 9 100 100 100 100 11 11.1 89 22 100 89 11 100 100
N. abscessus 1 S S S S S S S S S S S S S
N. abscessus/arthritidis-like species cluster® 8 100 100 100 100 0 0 88 13 100 88 0 100 100
N. nova complex (III) 28 100 26 74 85 0 100 11 93 100 56 7 7 100
N. nova 10 100 0 60 60 0 100 0 100 100 50 0 0 100
N. nova/cerradoensis/kruczakiae/aobensis-like 8 100 0 88 100 0 100 13 88 100 63 25 0 100
species cluster®
N. africana 3 100 33 100 100 0 100 33 67 100 67 0 0 100
N. cerradoensis 3 100 67 33 67 0 100 O 100 100 0 0 67 100
N. kruczakiae 2 100 100 100 100 0 100 50 100 100 100 0 0 100
N. veterana 2 100 100 100 100 0 100 0 100 100 50 0 0 100
N. transvalensis complex (IV) 5 20 40 40 100 100 20 20 0 100 20 80 0 80
N. transvalensis 1 R R R S S R R NAY S R S R S
N. wallacei 4 25 50 50 100 100 25 25 0 100 25 75 0 75
N. farcinica (V) 36 100 78 0 6 50 0 17 53 100 36 81 0 94
N. ¢yriacigeorgica (VI) 20 100 15 55 95 0 25 50 90 100 85 0 100 100
Other
N. amamiensis 2 100 0 100 100 0 50 100 50 100 100 50 100 100
N. anaemiae 2 100 0 50 100 100 100 100 1009 100 100 100 100 100
N. arthritidis/gamkensis/exalbida species 6 100 50 100 100 0 33 83 04 100 83 17 100 100
cluster®
N. asiatica 7 100 14 100 100 0 43 100 43 100 100 0 100 100
N. asteroides sensu stricto 2 100 0 100 100 0 100 50 100 100 100 50 100 100
N. beijingensis 2 100 0 100 100 0 50 0 50 100 0 50 100 100
N. brasiliensis 6 100 100 0 33 0 0 17 17 100 67 67 100 100
N. ignoratal coubleae species cluster’ 3 100 0 0 33 0 0 100 100 100 100 67 100 100
N. neocaledoniensis 2 100 0 50 100 0 0 0 100 100 50 100 100 100
N. otitidiscaviarum 6 100 0 0 0 0 0 17 0 100 33 17 50 83
N. pneumoniae 3 100 0 100 100 0 100 100 667 100 100 33 100 100
N. rhammnosiphila 4 100 0 75 100 100 25 0 0 100 25 100 100 100
N. sienata 2 100 0 100 100 100 50 0 50 100 50 100 100 100
N. thailandica 2 100 0 100 100 0 100 0 100 100 100 100 100 50
N. vinacea 2 100 0 100 100 0 100 100 100 100 100 0 100 100
All 149 99 40 51 65 22 37 37 59 100 61 40 53 97

“ AMK, amikacin; AMC, amoxicillin-clavulanic acid; FEP, cefepime; CRO, ceftriaxone; CIP, ciprofloxacin; CLR, clarithromycin; DOX, doxycycline; IPM, imipenem; LZD,

linezolid; MIN, minocycline; MXF, moxifloxacin; TOB, tobramycin; SXT, trimethoprim-sulfamethoxazole.

b N. abscessus/arthritidis-like species cluster: this cluster lacks a type strain but contains isolates similar to N. abscessus and N. arthritidis (5).

¢ N. nova/cerradoensis/kruczakiae/ aobensis-like species cluster: this cluster lacks a type strain but contains isolates similar to N. nova, N. cerradoensis, N. kruczakiae, and N. aobensis

(5).

@ Some isolates required >72 h of incubation before growth in the positive control was observed. Therefore, only the subset of isolates that required =72 h of incubation were

examined for imipenem resistance. NA, not applicable.

¢ N. arthritidis/gamkensis/exalbida species cluster: this cluster contains strains similar to the three type strains N. arthritidis DSM 447317, N. gamkensis DSM 44956", and N. exalbida
DSM 44883™ (5). DSM source: German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany.
FN. ignorata/coubleae species cluster: this cluster contains strains similar to the two type strains N. ignorata DSM 44496" and N. coubleae DSM 44960" (5).

tibility pertinent. Overall, 97% of isolates tested demonstrated
susceptibility to SXT with resistance noted in two isolates of N.
farcinica and one isolate each of N. thailandica, N. otitidiscav-
iarum, and N. wallacei (Table 2). The level of SXT resistance re-
ported in the literature varies widely. Similar to our results, some
studies report high levels of susceptibility (>90% of isolates) to
SXT (4, 6, 8, 10, 22); however, others report significant levels of
resistance ranging from 21% to 43% of isolates tested (9, 12, 13).
Possible reasons for the discrepancy include geographic differ-
ences, possible exposure to SXT as a result of patient treatment
prior to testing (4), questionable reproducibility of in-house pre-
pared panels, and, until recently, the lack of standardized testing
methodologies and well-characterized QC strains. Unsatisfactory
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reproducibility of SXT testing with N. farcinica and N. wallacei has
been noted by others and attributed to the inherent growth char-
acteristics of the species, problems with homogeneous inoculum
preparation, and/or difficulty determining the MIC (7). However,
consistent with our observation regarding the overall high suscep-
tibility of Nocardia species to SXT, there are few literature reports
of SXT treatment failure for Nocardia infections (4). The results
suggest that in Ontario, Canada, SXT remains the recommended
first-line therapeutic drug of choice for Nocardia infections. How-
ever, given the significant level of in vitro resistance noted in some
studies, testing for susceptibility to SXT should be performed for
isolates from clinically relevant infections, and SXT susceptibility
should continue to be monitored.
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TABLE 3 Correlation of antimicrobial susceptibility profiles with Nocardia species designation

Nocardia Antimicrobial Susceptibility

Antimicrobial susceptibility profile”

Drug pattern No. of
type” Nocardia sp. strains Nonsusceptible (% intermediate or resistant) Susceptible (%)
¢ N. abscessus complex* 9 Imipenem (78), ciprofloxacin (89), moxifloxacin ~Amoxicillin-clavulanic acid, ceftriaxone,
(89), and clarithromycin (89) cefepime, tobramycin, amikacin,
doxycycline (89), linezolid, and SXT
Ia? N. arthritidis/N. gamkensis/N. exalbida 13 Same as type I but nonsusceptible to amoxicillin- Same as type I except nonsusceptible to

species cluster,® N. asiatica

clavulanic acid (69)
Amoxicillin-clavulanic acid (74), tobramycin,
doxycycline (89), ciprofloxacin, and

Imipenem, tobramycin, amikacin (80),
doxycycline (80), and clarithromycin (80)
Ceftriaxone, cefepime, tobramycin, doxycycline

(83), and clarithromycin

Amoxicillin-clavulanic acid (80 [intermediate
resistance]), ciprofloxacin, moxifloxacin, and

Amoxicillin-clavulanic acid, ceftriaxone,
cefepime, imipenem, doxycycline (83),
ciprofloxacin, moxifloxacin (83), and

Cefepime, imipenem (83), doxycycline (83),
ciprofloxacin, and clarithromycin

e N. nova complex” 28
moxifloxacin
I\ N. transvalensis complex® 5
ve N. farcinica 36
VI¢ N. cyriacigeorgica 20
clarithromycin (75)
vir N. otitidiscaviarum 6
clarithromycin
VII* N. brasiliensis 6
x4 N. asteroides sensu stricto, N. 15

pneumoniae, N. amamiensis, N.

Amoxicillin-clavulanic acid and ciprofloxacin
(87)

amoxicillin-clavulanic acid

Ceftriaxone (85), cefepime (74),
imipenem, amikacin, clarithromycin,
linezolid, and SXT

Ceftriaxone, ciprofloxacin, moxifloxacin
(80), linezolid, and SXT (80)

Amoxicillin-clavulanic acid (78),
amikacin, moxifloxacin(80),
linezolid, and SXT; variable
susceptibility toward imipenem (53)
and ciprofloxacin (50)

Ceftriaxone, imipenem, tobramycin,
amikacin, doxycycline (50), linezolid,
and SXT

Amikacin, linezolid, and SXT

Amoxicillin-clavulanic acid,
tobramycin, amikacin, linezolid, and
SXT

Ceftriaxone, cefepime, imipenem (80),
tobramycin, amikacin, doxycycline

beijingensis, N. thailandica, N.
vinacea, N. anaemiae

(67), clarithromycin, linezolid, and
SXT

@ Described by Wallace et al. (2) and/or Brown-Elliott et al. (1).
b If no value is indicated, the percent susceptible or nonsusceptible is =90%.

€ N. abscessus complex: contains strains of N. abscessus and the N. abscessus/N. arthritidis-like species cluster, which lacks a type strain but contains isolates similar to N. abscessus

and N. arthritidis (5).
@ New drug pattern type described in this study.

¢ N. arthritidis/N. gamkensis/N. exalbida species cluster: this cluster contains strains similar to the three type strains N. arthritidis DSM 44731", N. gamkensis DSM 44956, and N.

exalbida DSM 44883" (5).

FN. nova complex: contains strains of N. nova, N. africana, N. cerradoensis, N. kruczakiae, N. veterana, and the N. nova/cerradoensis/kruczakiae/aobensis-like species cluster, which
lacks a type strain but contains isolates similar to N. nova, N. cerradoensis, N. kruczakiae, and N. aobensis (5).

£ N. transvalensis complex: contains strains of N. transvalensis and N. wallacei.

" Consistent with the drug pattern type described by Brown-Elliott et al. (1) and assigned a number in this study.

Asnoted by others (6, 8,9, 10,11, 12, 13, 22), all of the Nocardia
isolates were susceptible to linezolid and almost all were suscepti-
ble to amikacin except for some isolates of the N. transvalensis
complex (Table 2). However, for many of the remaining antimi-
crobials, substantial numbers of Nocardia isolates were resistant,
and resistance was species specific (Table 2) as noted in other
studies (6,7, 8,9,10, 11, 12, 13, 22, 23). As previously described by
Brown-Elliott et al. (1) and others (8,9, 12, 13), we noted a strong
correlation between the drug pattern types of Wallace et al. (2, 21)
and species identification (Table 3), with type I, III, IV, V, and VI
drug patterns displayed by the N. abscessus complex, N. nova com-
plex, N. transvalensis complex, N. farcinica, and N. cyriacigeorgica,
respectively. We did not have any clinical isolates of N. brevicat-
enal/paucivorans (type Il drug pattern). N. otitidiscaviarum and N.
brasiliensis isolates also displayed distinct drug patterns and were
numbered types VII and VIII, respectively (Table 3). Some dis-
crepancies were noted. In particular, Brown-Elliott et al. (1) and
Wallace et al. (2) reported that the N. transvalensis complex was
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susceptible to imipenem, but we noted resistance among all iso-
lates. Uhde et al. (13) also reported a high rate of resistance (52%)
among their isolates. With respect to N. farcinica, Brown-Elliott et
al. (1) and Wallace et al. (2) indicated that it is susceptible to
imipenem and ciprofloxacin, while we and other investigators (8,
9, 12, 13) noted susceptibility only among approximately half of
the isolates (Table 2). Unlike Brown-Elliott et al. (1), who indi-
cated that N. otitidiscaviarum isolates were susceptible to cipro-
floxacin, we report them as largely nonsusceptible, as did Udhe et
al. (13) (Table 2). These differences may be attributed to different
geographic isolation or the evolution of drug resistance over the
~20 years between the original report by Wallace et al. (2) and
more recent studies.

In addition to the antimicrobial susceptibility patterns of these
well-recognized species, we also report preliminary antimicrobial
susceptibility patterns for isolates of species that were not catego-
rized within these traditionally acknowledged groups and yet were
recovered from clinical specimens (Table 2). A limitation of our
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study is the small number of isolates of the less common clinical
strains that were available for testing, therefore reducing the ro-
bustness of the antibiograms for some species. However, these
data are presented as preliminary data to help guide the initial
empirical therapy for infections due to uncommonly observed
species that have been confidently identified using MLSA. Al-
though individually each species may signify a small number of
isolates recovered from clinical specimens, collectively they repre-
sent approximately 20% (5). Therefore, the collective knowledge
of the antimicrobial susceptibility patterns of these species, many
of which lack published MIC data, will also be useful for patient
treatment. Isolates of the N. arthritidis/gamkensis/exalbida species
cluster (5) and N. asiatica exhibited a susceptibility pattern similar
to the type I drug pattern of Wallace et al. (2). These were desig-
nated type Ia due to the large number (69%) of isolates that were
nonsusceptible to amoxicillin-clavulanic acid, unlike the isolates
of type I (Table 3). Of particular interest are the N. asiatica isolates,
86% of which were resistant to moxifloxacin, with resistant iso-
lates generating uniquely high MICs (8 pg/ml) (see Table S4 in the
supplemental material). N. amamiensis, N. anaemiae, N. asteroides
sensu stricto, N. beijingensis, N. pneumoniae, N. thailandica, and N.
vinacea were grouped into a novel drug pattern, type IX, charac-
terized by nonsusceptibility to amoxicillin-clavulanic acid and
ciprofloxacin (Table 3). Isolates of N. ignorata/coubleae (5) and N.
neocaledoniensis were found to be nonsusceptible to amoxicillin-
clavulanic acid, cefepime (80%), ceftriaxone, ciprofloxacin, and
clarithromycin, while N. rhamnosiphila and N. sienata were ob-
served to be nonsusceptible to amoxicillin-clavulanic acid, cipro-
floxacin, clarithromycin (67%), and imipenem. Potentially, these
could comprise two new groups, if testing of additional isolates
supports the patterns.

Our results represent a timely update of the original work per-
formed by Wallace et al. (2) and will aid physicians in assessing
treatment options for patients infected with both the common
and rarely encountered species of Nocardia. Although SXT is the
usual treatment option for Nocardia infections, it may not always
be possible to use it due to the fairly common occurrence of sul-
fonamide drug allergies, necessitating other options for empirical
or AST-directed therapy. In addition, the slow growth of the or-
ganism, and the fact that AST for Nocardia is often only available
at a reference laboratory, makes knowledge of the species-specific
antimicrobial susceptibility patterns important in assisting physi-
cians with alternate treatment options.

Although the broth microdilution method is recommended
by the CLSI for antimicrobial susceptibility testing for Nocardia
spp., unsatisfactory reproducibility has been documented, specif-
ically with ceftriaxone testing of N. cyriacigeorgica and N. wallacei,
tigecycline testing with N. brasiliensis and N. cyriacigeorgica, and
SXT testing with N. farcinica and N. wallacei (7). The lack of re-
producibility was attributed to the inherent growth characteristics
of the species, difficulty with homogeneous inoculum prepara-
tion, and/or difficulty determining the MIC, specifically with the
SXT results. In this study, great care was taken to ensure proper
inoculum preparation and MIC determination, as evidenced by
the consistent MIC values generated for the control strains N.
nova ATCC BAA-2227, N. asteroides ATCC 192477, and N. farci-
nica ATCC 23826. Nevertheless, the results should be interpreted
within the context of the stochastic nature of the testing method,
which may apply to the aforementioned examples and to other
sets of species and antimicrobials. Additionally, the correlation
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between in vitro drug susceptibility and the in vivo response of
drug treatment of Nocardia infections is currently unknown; how-
ever, the development of a reproducible method for susceptibility
testing, demonstrated here and in the Conville et al. study (7), is a
necessary first step in facilitating such an investigation.
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