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genus, current identification methods, and the impact of new technology (including
matrix-assisted laser desorption ionization-time of flight [MALDI-TOF] and whole ge-
nome sequencing) on diagnosis and treatment. Clinical manifestations, the epidemi-
ology, and geographic distribution are briefly discussed. An additional section on
actinomycotic mycetoma is added to address this often-neglected disease.

KEYWORDS Nocardia, aerobic actinomycetes, mycetoma, nocardiosis

INTRODUCTION

opulation-based descriptions of the disease nocardiosis and its etiologic agent, the

bacterial genus Nocardia, in the United States are scarce, despite a substantial body of
research (1-3). Nocardiosis is a medically important disease that more frequently affects
immunocompromised patients (4, 5). There are varied clinical presentations that can make
clinical recognition challenging (6), and as a soilborne opportunistic pathogen, prevention
methods are limited (4). The disease is difficult to treat, requiring months or years of antimi-
crobial therapy (7), and contributes to mortality in patients with underlying conditions (8).

Analysis of Nocardia by species is also limited, and due to major taxonomic changes
over time (9), retrospective analyses of Nocardia species may need to be retested
using modern molecular methods because of historical misidentification and misclassi-
fication (9, 10).

HISTORY AND TAXONOMY OF NOCARDIA

Nocardiae belong to the class Actinobacteria in the order Corynebacteriales (https://lpsn
.dsmz.de/order/corynebacteriales). Other notable pathogenic genera in this group include
Mycobacterium and Corynebacterium. The genus was first described in 1889 by Trevisan
(Sneath, 1980), and reports on the clinical relevance of Nocardia began to appear in the lit-
erature in the early 1900s. In the 1940s, case reports appear implicating Nocardia species in
invasive pulmonary infections. A review of nocardiosis cases published at that time notes
that with the introduction of sulfonamide therapy in the late 1930s, fatalities from pulmo-
nary nocardiosis decreased. However, a high mortality rate remained in patients with disse-
minated disease (11). The taxonomic history has been significantly impacted by conflicting
descriptions of the first reported isolates and reassignments of many of the earliest vali-
dated species (9). There are currently 109 validly named species with roughly half of these
considered to be clinically relevant, with some first isolated from human sources. Previous
reports and reviews on Nocardia and nocardiosis have relayed the complicated history of
the taxonomy so an in-depth discussion will not be presented in this current review. In
2018, Conwville et al. published a detailed description of the history of the genus (9).

Bacteria that belong to the genus Nocardia are high GC, aerobic, Gram-positive, par-
tially acid-fast, lysozyme resistant, and catalase positive with a characteristic beaded
branching cell morphology. On blood agar, nocardiae form distinctive colonies with white
aerial mycelium giving a chalky appearance to mature growth. A few species, most nota-
bly Nocardia farcinica, can appear as raised and wet (or muccoid) when young and then
begin producing the characteristic aerial hyphae with age. Chemotaxonomic hallmarks
for assignment to the genus include: meso-2,6-diaminopimelic acid, arabinose and galac-
tose as the diagnostic sugars, and mycolic acids with a chain length of 46 to 58 carbons
(12). The most common sources of human clinical material include bronchial washings,
bronchial lavage fluids, sputum, abscess/wound drainage, and blood. More rarely
reported sources involve the central nervous system including cerebral spinal fluid and
brain tissue/abscess material. Ocular infections are also reported in the literature (13-15).

Differentiation of Nocardia species has previously been based on decomposition of
substrates and acid production from or utilization of carbohydrates. Currently, molecu-
lar identification methods have become the gold standard. With an improved ability to
resolve the heterogeneity of the genus, 48 new Nocardia species have been validated
since the last Nocardia review (6). Of these species, 14 were isolated from human sour-
ces and 30 were from non-human sources (26 from soil, 4 from plants, and the other
from animals). The demographics of the type strains are given in Table 1.
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TABLE 1 New Nocardia species 2006 to 2021

Clinical Microbiology Reviews

Type strain in culture

GenBank accession no. of 16S

Species of Nocardia (ref) yr Source Country of origin collection rRNA gene sequence

Nocardia aciditolerans (252) 2013 Non-human UK@ KACC 17155 JX484797
DSM 45801

Nocardia altamirensis 2008 Non-human Spain CIP 109315 EU006090
DSM 45049
JCM 14670

Nocardia amamiensis (253) 2007 Non- human Japan DSM 45066 AB275164
JCM 14877
KCTC 19208
NBRC 102102

Nocardia amikacinitolerans (254) 2013 Human USA“ CCUG 59655 GU985442
DSM 45539

Nocardia arizonensis (93) 2015 Human USA“ DSM 45748 JN678715
CCUG 62754
NBRC 08935

Nocardia artemisiae (255) 2011 Non-human China CTCCAA 209038 GU367157
DSM 45379100526

Nocardia aurantia (256) 2020 Non-human Germany NRRL B65542 KY558730
VKM Ac-2842

Nocardia aurantiaca (257) 2020 Non-human Thailand JCM 33775 LC495742
TISTR 2838

Nocardia aurea (258) 2019 Non-human China DSM 103986 MH091575
KCTC 39849

Nocardia barduliensis (259) 2021 Human Spain CECT 9924 MT472102
DSM 109819

Nocardia bhagyanesis (260) 2014 Non-human India ATCC BAA-2548 JX076851
KCTC 29269

Nocardia blacklockiae (28) 2009 Human USA“ ATCC 70035 EU099360
DSM 45135
JCM 16005

“Nocardia boironii” (261) 2016 Human France EML 1451 KU131666
DSM 101696

Nocardia bovistercoris (262) 2021 Non-human China DSM 110681 MW250206
CCTCC AA 2019090

Nocardia callitridis (263) 2010 Non-human Australia DSM 45353 FJ805428
ACM 5287

Nocardia camponoti (264) 2016 Non-human China DSM 100526 KP784782
CGMCC 4.7278

Nocardia casuarinae (265) 2014 Non-human Switzerland DSM 45978 KF924767
CECT 8469

Nocardia cavernae (266) 2017 Non-human China KCTC 39595 KY285257
YIM A1135

Nocardia colli (267) 2020 Human China ClCC11023 KJ659849
KCTC 39837

Nocardia coubleae (268) 2007 Non-human Kuwait DSM 44960 JNO041456
CIP 108996

Nocardia donostiensis (269) 2016 Human Spain DSM 46814 KM233637
CECT 8839

Nocardia endophytica (270) 2011 Non-human China KCTC 19777 HM153801
CCTCC AA 2010004

Nocardia exalbida (271) 2006 Human Japan NBRC 100660 AB187522
JCM 12667
DSM 44883

Nocardia gamkensis (272) 2006 Non-human South Africa DSM 44956 DQ235272
NRRL B-24450

Nocardia gipuzkoensis (259) 2021 Human Spain CECT 30129 MT704612
DSM 111366

Nocardia goodfellowii (273) 2012 Non-human Turkey DSM 45517 HQ157183
NRRL B-24834
KCTC 19985

Nocardia grenadensis (274) 2012 Non-human Caribbean Sea CCUG 60970 FR729900
CIP 110294
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TABLE 1 (Continued)

Clinical Microbiology Reviews

Type strain in culture

GenBank accession no. of 16S

Species of Nocardia (ref) yr Source Country of origin collection rRNA gene sequence

Nocardia halotolerans (275) 2015 Non-human Iran IBRC-M 10490 KM577163
LMG 28544

Nocardia harenae (276) 2006 Non-human Republic of Korea KCCM 42317 DQ282122
NRRL B-24459

Nocardia heshunensis (277) 2017 Non-human China DSM 46764 KY039322
JCM 39985

Nocardia iowensis (278) 2009 Non-human USA? Ul 122540 D0925490
NRRL B-24671
DSM 45197

Nocardia jejuensis (279) 2006 Non-human Republic of Korea JCM13281 AY964666
NRRL B-24430

Nocardia jiangxiensis (280) 2005 Non-human China CGMCC 4.1905 JCM 12861 AY639902

Nocardia jinanensis (281) 2009 Non-human China CCMCC 4.3508 DQ462650
DSM 45048

Nocardia lijiangensis (282) 2005 Non-human China CCTCC AA 204005 AY779043
KCTC 19028

Nocardia kroppenstedtii (283) 2014 Human UK@ DSM 45810 DQ157924
NCTC 13617

Nocardia lasii (284) 2017 Non-human China CGMCC 4.7279 KP784803
DSM 100525

Nocardia macrotermitis (256) 2020 Non-human NRRL B65541 KY558706
VKM Ac-2841

Nocardia miyunensis (280) 2006 Non-human China CGMCC 4.1904 AY639901
NRRL 12860

Nocardia mikamii (285) 2010 Human USA? DSM 45174 EY484388
JCM 15508

Nocardia ninae (286) 2007 Human France CIP 108950 JF797312
DSM 44978

Nocardia niwae (287) 2011 Human USA“ DSM 45340 FJ765056
CCUG 57756

Nocardia polyresistens (288) 2005 Non-human China CCTCCAA 204004 AY626158
KCTC 19027

Nocardia rhamnosiphila (289) 2010 Non-human South Africa DSM 45147 EF418604
NRRL 24637

Nocardia rhizoaphaerae (290) 2015 Non-human China CGMCC 47204 KP972639
KCTC 29678

Nocardia shinanonensis (291) 2016 Human Japan IFM 11456 LC103184
NBRC 109590
TBRC 5149

Nocardia speluncae (292) 2007 Non-human Korea JBRI 2006 AM422449
KCTC 19223 DSM 45078

Nocardia sungurluensis (293) 2014 Non-human Turkey DSM 45714 JN989289
KCTC 29094

Nocardia terpenica (294) 2007 Human Japan JCM 13033 AB201298
DSM 44935
NBRC 100888

Nocardia thraciensis (273) 2012 Non-human Turkey DSM 45517 HQ157183
NRRL B-24838
KCTC 19985

Nocardia vulneris (94) 2014 Human USA DSM 45737 CCUG 62683 JN705252
NBRC 108936

Nocardia wallacei (28) 2009 Human USA ATCC 49873 EU099357
DSM 45136

aUK, United Kingdom; USA, USA.

LABORATORY EVALUATION

Even though nocardiosis is rare and often underreported, the disease is of high conse-
quence and characterized by high levels of morbidity and mortality. Subsequently, an accu-
rate, reliable, rapid, and simple method for the identification of the etiologic agent in clinical
samples is of paramount importance in order to reduce mortality and expedite appropriate
antimicrobial therapy. Previously, identification of Nocardia clinical isolates was based on
microscopic observation and macroscopic visualization of colony morphology and color
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complemented with a battery of conventional phenotypic and chemotaxonomic tests. Few
of these tests are highly discriminatory and all require expertise or extensive training.
Additionally, Nocardia species may grow slowly, requiring - in some cases - weeks to
form colonies. The primary specimen source is often from a non-sterile site which makes
them difficult to cultivate. Overgrowth by faster growing bacteria is a common delay in
identification.

Accurate identification is critical in providing clinicians information regarding the
infectious agent and its susceptibility profile to determine appropriate antimicrobial
treatment. When aggregated, identification will inform the epidemiology of the agent,
geographic and species distribution, understanding its clinical relevance and spectrum
of disease, pathogenicity, and determining risk factors. In the past few decades, molec-
ular identification has been aided by technical advances in molecular genetics and
DNA/RNA sequencing technologies including whole genome sequencing. At present,
molecular identification methods have increasingly supplanted phenotypic methods
for definitive identification and determining the phylogenetic relationships for an
increasing number of new species and taxonomic emendation.

There are many previously published descriptions of the evolution of early identifica-
tion techniques for Nocardia species. The most comprehensive is the review preceding
this one by Brown-Elliott et al., 2006 (6). Therefore, this review will not cover species
identification by biochemical methods, serological methods, DNA probes and ribotyping,
RFLP (restriction fragment length polymorphisms) analysis, and RAPD (randomly ampli-
fied polymorphic DNA) analysis. Each of these techniques have severe limitations and
are currently not advised for identification of Nocardia species. As of the time of this pub-
lication, molecular identification to the species level of human clinical isolates of
Nocardia is either by 16S rRNA gene sequence analysis, DNA gyrase subunit B gene
(gyrB) sequence analysis, or secA1 gene sequence analysis, according to CLSI guidelines
(16). Other genes widely used are hsp65 and rpoB. Multilocus sequence typing (MLST),
whole genome analysis, and proteomics, such as MALDI-TOF analysis, are currently
becoming more popular and with promising results. A brief description of each gene tar-
get and/or method can be found below.

Gene Sequencing

16S rRNA gene. Of all the available gene targets, 16S rRNA gene sequences are the
most frequently used and are considered the gold standard for routine identification
and phylogenetic analysis of Nocardia species isolates (6, 17). Advantages of 16S rRNA
gene sequencing over phenotypic methods for identification of isolates includes
higher reliability and accuracy, rapid identification in 1 to 2 days versus several weeks,
providing useful phylogenetic information. The wide use and utility of analysis of 16S
rRNA gene sequences is due to their presence in all bacterial species, the gene has a
known function and structure with a relatively slow rate of evolution, and harbors both
conserved and variable regions enabling both genus-species and species-specific
motifs to be used for species identification.

Using near full length 16S rRNA gene sequences for phylogenetic analysis, Ruimy et al.
(1994) showed Nocardia species formed a monophyletic clade most closely related to
Gordonia, Rhodococcus, Mycobacterium, Tsukamurella, and Corynebacterium, the closest
related high G+C genome, mycolic acid-containing taxa (17). Likewise, partial 16S rRNA
gene sequencing by Chun and Goodfellow (1995) (18) resolved the type strains of 9
Nocardia species into homogeneous taxon distinct from other taxon of aerobic actinomy-
cetes with the genus Rhodococcus as the nearest taxon. Nocardia nucleotide signature
sequences were identified and were found to be concentrated within 16S rRNA helix 37-1
(18, 19).

A phylogenetic investigation of the genus v using near full length 16S rRNA gene
sequences acquired from 74 strains, comprising 25 known Nocardia species was examined
to provide a more accurate method for species identification and taxonomic criteria, espe-
cially for strains of Nocardiaasteriodes (20). Their results showed sequence microheteroge-
neity within the 16S rRNA gene (=5 bp difference) in 8 of 11 isolates. A low level of
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sequence interspecies heterogeneity was also observed among several closely related
Nocardia species. For instance, 16S rRNA gene similarity was 99.5% between Nocardia pau-
civorans and Nocardia brevicatena, whereas the DNA-DNA relatedness was <70% (21). Of
interest was the considerable sequence variation detected among 10 taxa suggesting they
should be investigated further as new species of Nocardia. Strains previously classified as a
single species by phenotypic methods, such as N. asteroides, were found to be a heteroge-
nous collection of taxa, likely composed of 5 distinct species (9, 22).

Two studies evaluated the use of partial DNA sequences of approximately 500-bp from
the 5’-end of the 16S rRNA gene for the identification of Nocardia species (23, 24). The
MicroSeq 500 system supplemented with an expanded MicroSeq library of reference
sequences was used to sequence a 529-bp fragment of the 16S rRNA gene and used to
compare with phenotypic testing, REA analysis of 16S rRNA and 65-kDA genes, and
sequencing a 999-bp DNA fragment of the 16S gene (23). The results showed sequencing
the 16S rRNA gene to be more rapid and accurate than achieved by phenotypic methods
for species identification and was able to correctly identify 6 common pathogenic Nocardia
species (N. brasiliensis N. cyriacigeorgica, N. farcinica, N. nova, N. otitidiscaviarum, and N. vet-
erana). For 94 strains representing 19 species, the MicroSeq system showed 72% agree-
ment with phenotypic methods for species identification. While useful, the MicroSeq
System was determined to be inadequate for reliable identification of many Nocardia spe-
cies due to nearly indistinguishable sequence homogeneity within the first 500-bp of the
16S rRNA gene. Patel et al. (2004) similarly reported the ability of 16S rRNA gene sequences
to be able to distinguish Nocardia taxa from other aerobic actinomycetes and observed
many Nocardia species where composed of multiple species or complexes, including the N.
nova, N. otitidiscaviarum, and N. transvalenis complexes (24). Use of near full length or full
length 16S rRNA gene sequences was suggested for obtaining more accurate and reliable
identification of isolates and for phylogenetic analysis (23, 24).

Molecular identification is based on the premise that 2 strains are the same species if
they have identical sequences or the highest degree of sequence similarity in the available
database. Therefore, the reliability and accuracy of molecular identification is heavily de-
pendent on the accuracy and reliability of DNA sequences present in a sequence database.
Unfortunately, existing DNA sequence databases may not always provide unambiguous
identification. Misidentifications may occur due to the lack of curation of DNA sequence
data in publicly available databases. This leads to the inclusion of misidentified or inaccu-
rate entries, inadequate updates of newly described species, obsolete or inappropriate
data entries, sequences submitted with inadequate sequence length or quality containing
either incomplete or fragmented gene sequences, sequence data from only a single repre-
sentative of the species or a small number of strains for a given species, and entries that
do not adequately represent the extent of intraspecies gene heterogeneity (25-27).
Consequently, results obtained from gene databases should be carefully scrutinized for
gene sequences from non-validated species (valid species may be found at https://www
.bacterio.net). The choice of database is therefore crucial for accurate identification.

Mellmann et al. (2003) evaluated the performance of 3 DNA sequence databases-
GenBank, RIDOM, and MicroSeq 500-for species identification (27). Test isolates were
identified by sequencing the 5’-end 429-bp of the rRNA gene from 64 culture collec-
tion strains (including 30 type strains) and 91 clinical isolates. Species breakpoints were
=99.12% sequence similarity. All Nocardia type strains, except N. soli and N. cummide-
lens, were well demarcated and distinguishable. Overall, the RIDOM database provided
the highest number of correctly identified species, followed by GenBank, and lastly by
the MicroSeq 500 database, however, the RIDOM database is presently outdated and
has been discontinued. DNA sequencing produced higher correct identifications than
was obtained by phenotypic methods (27). In a similar study, the accuracy of 3 sequence
databases, GenBank, Bioinformatics Bacteria Identification (BIBI), and Ribosomal Database
Project (RDP-Il), were evaluated for species identification against a collection of 96
Nocardia isolates by sequencing 606-bp of the 5’-end (25). All 96 isolates were correctly
identified at =99% sequence similarity, and 86.5% of the isolates were correctly identified
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at 100% sequence similarity. DNA polymorphisms in the 16S rRNA gene sequences were
detected with the highest degree of sequence intraspecies polymorphisms detected in iso-
lates of N. nova, followed by isolates of N. brasiliensis. In an investigation by Conville et al.
(2010), the Integrated Database Network System (IDNS) SmartGene database was used to
identify a total of 102 Nocardia isolates (28). The IDNS database identifies queries for
sequence comparisons based on using a DNA sequence of the most representative
sequence of a species, denoted as the centroid sequence. The IDNS database correctly
identified 76% of the test isolates. IDNS misidentifications were due to sequence heteroge-
neity within certain species, inaccurate database entries or due to inadequate size of the
centroid sequence in the database.

To evaluate the performance of clustering algorithms, 364 16S rRNA gene sequen-
ces were attained from GenBank consisting of 77 different Nocardia species that were
used to determine the most optimal method for alignment and distance measure-
ments (26). Linear mapping of the alignment distance matrix identified 80 taxon using
comparisons to centroid sequences. An additional 110 16S rRNA gene sequences
obtained from gene databases were accurately identified by comparison to centroid
sequences.

Three 16S rRNA operons were initially identified following the analysis of the whole
genome sequences of N. farcinica IFM 10152 by Ishikawa et al. (29). Direct sequencing
of 16S rRNA genes also suggested multiple gene copies. Multiple gene copies are gen-
erally observed as unresolved ambiguous multiple overlapping peaks present in
sequencing chromatographs that cannot be resolved even after repeated sequencing
(30, 31). The presence of unresolved mixed bases from multiple 16S rRNA gene copies
is challenging since they may hamper identification resulting in misidentifications or
altered RFLP profiles. The variable numbers of 16S rRNA gene copies that may be com-
posed of heterogeneous gene sequences may complicate identification and phyloge-
netic analysis of Nocardia species isolates. Multiple 16S rRNA genes copies have been
detected by cloning and sequencing individual gene copies from single clone isolates
or by analysis of whole genome sequences. Conville et al. (2007) reported 2, 3 and 5
copies in the Nocardia type strains of N. concava, N. yamanashiensis, and N. ignorata,
respectively, after sequencing cloned 16S rRNA genes or hybridization studies (31).
Analysis of whole genome sequences for Nocardia type strains N. brasiliensis HUJEG-1,
N. nova SH22a, and N. seriolae UTF1 identified 3, 3 and 4 rRNA gene copies, respectively
(32-34). Mixed bases may be analyzed and resolved in some cases using RipSeq soft-
ware (35).

Questions remain among researchers regarding the reliability of assignment of
unknown isolates to a species based on the highest similarity score, especially when
sequence similarity is below 100%. At present, there is no standard or consensus for inter-
pretation of species with near identical 16S sequences. Sequence length, data quality,
methods for alignment, and measurement of similarity or distance need to be addressed.
CLSI document MM18-A recommended >99.6% sequence similarity for the identification
of isolates to the species level and 99 to 99.5% sequence similarity for genus level identifi-
cation (36). Some investigators suggest =99 sequence similarity, or a centroid percent sim-
ilarity of =99.8% as criteria for species identification (25, 37). These criteria may be difficult
to implement in all cases since several Nocardia type strains have been shown to be clearly
distinct by DNA-DNA hybridization studies but have nearly indistinguishable 16S rRNA
gene sequences. For instance, the 16S rRNA gene sequences of the N. kruczakiae and N.
veterana type strains have 99.8% sequence similarity, the N. paucivorans and N. brevicatena
type strains showed 99.6% sequence similarity, and there is only a 2 out of 1415-bp differ-
ence between N. sienata and N. testacea 16S rRNA genes (21, 38, 39).

ATPase secretory protein (secA1). One alternative to 16S rRNA gene analysis is
sequencing the single copy gene for the preprotein translocase ATPase secretory pro-
tein, secA1 (40). A 468-bp gene fragment of the secA1 gene was amplified and
sequenced from 30 Nocardia type or reference strains and compared to analysis of a
1,285-bp rRNA gene fragment. Interspecies secA1 gene sequence variation was higher
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than obtained from 16S rRNA gene sequences; 85 to 98.7% sequence similarity com-
pared to 94.4 to 99.8% sequence similarity, respectively. Analysis of 156 amino acid res-
idues from 40 clinical isolates belonging to 12 Nocardia species detected intraspecies
differences ranging from 0 to 3 amino acids. Analysis of secA1 amino acid sequences
provided more reliable species demarcation than obtainable by DNA nucleotide
sequences. Species identification was compared using a 470-bp secA1 gene fragment
against the 5’ end, 606-bp 16S rRNA gene fragment for 10 reference strains and 110
clinical isolates representing 15 Nocardia species (41). Species identification by both
secA1 and 16S rRNA gene sequencing was concordant for 94 of 110 clinical isolates.
Discrepant species identification was suggested to be due to lateral gene transfer of
secA1 gene sequences. Due to its faster molecular clock, the secA1 gene are more vari-
able and showed a significant higher degree of interspecies and intraspecies diversity
than obtained when using16S rRNA gene sequences which may be useful for epide-
miologic investigations. Together, these studies show the usefulness of secA1 as an im-
portant adjunct method to 16S rRNA gene sequencing and the importance of evaluat-
ing a large number of isolates of the same species to create a robust sequence
database for identification and taxonomy.

DNA gyrase subunit B (gyrB). The DNA gyrase subunit B (gyrB) gene has been used
for identification and phylogenetic studies of Nocardia species isolates (42-44). An ap-
proximate 1,200-bp gyrB fragment was amplified from 56 Nocardia type strains.
Interspecies sequence similarity ranged from 82.4 to 99.9%, corresponding to a 3.6-
fold higher sequence divergence than obtainable by 16S gene sequences. As expected,
the majority (70%) of gyrB single nucleotide polymorphisms were silent (42). gyrB gene
sequences were found to be able to distinguish Nocardia species from other mycolic
acid-containing genera (44). Improved identification and enhanced discrimination has
been achieved when using a combination of 16S and gyrB gene sequences (42).
However, whole genome sequencing detected 2 gyrB gene copies, gyrB and gyrA, in
N. farcinica (45). Currently, there is no consensus breakpoint for species demarcation.

B-subunit of RNA polymerase (rpoB). The rpoB gene encodes the B-subunit of RNA
polymerase and has provided a useful tool for identifying Nocardia isolates (43).
Sequence analysis of a 354-bp rpoB gene fragment of 119 Spanish clinical isolates
showed rpoB gene sequences to have a higher degree of DNA sequence polymor-
phisms than obtained using an approximate 500-bp 16S gene fragment. Both rpoB
and gyrB gene sequences produced nearly the same degree of interspecies discrimina-
tion. Utilization of this rpoB fragment was hampered by its relatively short size and lack
of comprehensive database. As with gyrB, whole genome sequencing has identified 2
rpoB genes, rpoB and rpoB2 (45).

Heat shock protein gene (hsp65). Using PCR primers TB11 and TB12, a 441-bp DNA
fragment of the heat shock protein gene, hsp65, from 44 Nocardia type and/or refer-
ence strains was amplified by PCR and compared to RFLP analysis and 16S gene
sequencing (46). The investigation showed the hsp65 gene sequence to have a higher
number of variable sites than detected for the 606-bp 16S rRNA gene fragment. The
average dissimilarity for hsp65 gene sequence ranged from 12% to 0% and 9.5% to 0%
for rRNA gene sequences for the same isolates. The hsp65 sequence variation was pri-
marily localized to 2 hot spots located between bp 624 to 664 and bp 683 to 725.
hsp65 gene microheterogeneity allowed for a more discriminatory and reliable phylo-
genetic tree than obtained by using 16S gene sequences. The majority of base substi-
tutions in hsp65 occurred at the third codon position. Gene sequences of the hsp65
were found to be more variable than 16S rRNA gene sequences but were not as vari-
able as gyrB or rpoB gene sequences (44). Sequencing of the hsp65 gene has been
used for the identification of 11 ocular nocardiosis isolates from patients in China to
the species level and showed the diversity of the etiologic agents responsible for
Nocardia keratitis (47, 48) used both 605-bp 16S and hsp65 to identify 30 clinical iso-
lates from patients in India.
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Multilocus Sequence Typing

No single gene sequence alone has been found to provide sufficient discrimination
between all species of Nocardia. Identification to the species level based on the analy-
sis of a single gene is often unreliable due to the inability of a single gene to provide
clear and unequivocal discrimination due to either low sequence variation between
species, or the presence of foreign sequences from recombination or horizontal gene
transfer. Multilocus sequence typing (MLST) has been reported to obtain a higher
degree of discrimination and phylogenetic information than obtainable using a single
gene (49, 50). MLST analysis is based on the concatenation of multiple loci for the
detection of genetic relationships (49, 50). McTaggart et al. (2010) developed a MLST
scheme for Nocardia and examined 11 reference strains, 36 type strains, and 190 clini-
cal isolates by sequencing gyrB-16S-secA1-hsp65-rpoB gene fragments from each iso-
late, generating a 2,190-bp concatenated sequence for species identification (50).
MLST detected 30 sequence clusters, denoted as species clusters; 167 of 237 isolates
(71.3%) were assigned into the same species cluster as the corresponding type strain
or were assigned as potential novel species. MLST showed 95% concordance between
identification using phenotypic methods (50). Of interest is that MLST revealed that in
22.1% of the isolates, one or more alleles were in part comprised of foreign alleles. The
presence of foreign alleles suggests interspecies recombination often leading to fuzzy
species clusters. The presence of numerous insertion sequences in Nocardia genomes
is consistent with the potential for frequent acquisition of foreign DNA. The authors
suggest concatenation of multiple loci buffer against distortions by horizontal transfer
within a single locus, which may distort their true taxonomic relationship (50). MLST
analysis found that levels of genetic diversity vary widely among Nocardia species,
thereby preventing the establishment of exact cutoff values for species identification.
N. cyriacigeorgica and N. farcinica were the most prevalent species identified. MLST was
not able to distinguish the Nocardia type strains of N. arthritidis, N. exalbida, N. gamken-
sis, N. ignorata, or N. coubleae, which suggests a reevaluation of their species status
(50). Due to the expense and labor involved in sequencing 5 gene fragments, a 3 gene
(gyrG-16S-secA1) or 4 gene (gyrB-16S-secA1-hsp65) typing system was proposed and
identified correctly 98.5% and 99.5% of the isolates, respectively. A MLST scheme using
7 housekeeping genes (gyrB-hsp65-secA1-rpoB-rpoA-recA-trpB) generating a 3,639-bp
concatenated sequence, detected 44 sequence types from a collection of 59 N. farcin-
ica clinical and zoonotic isolates obtained in China (51). Population analysis identified
6 major clonal types from 46 isolates belonging to 32 sequence types. A modified
MLST (16S-gyrB-hsp65-secA1) was used to identify 7 Nocardia clinical and zoonotic iso-
lates obtained from Brazil (52). Overall, the high degree of genetic variation detected
by MLST analysis has been useful for species identification, phylogenetic analysis, and
epidemiologic investigations and is considered superior analysis using single gene
sequences (53, 54). However, interpretation of MLST may be hampered by differences
in mutation rates of different genes, differences in sequence length, gene duplications,
and cost of supplies and equipment for analysis to sequence individual gene fragments.

Whole Genome Sequencing

Completed or draft quality bacterial whole genome sequences have been useful for
detection of potential novel secondary metabolites, virulence genes, mobile elements
or repeat motifs, antimicrobial resistance markers, bioactive and metabolic activities
(55). Overall, analysis of whole genome sequences provides more reproducible, precise,
and reliable phylogenetic analysis than obtained by traditional methods. The phyloge-
netic relationships among 26 Nocardia type strains was determined using shotgun
sequencing and Roche 454 technology. Results showed Nocardia species have circular
chromosomes with genomes ranging in size from 5.99 to 10.43 Mbp, an average ge-
nome size of 7.88 Mbp and a G+C ratio ranging from 65.5 to 71.7% (45). Phylogenetic
trees were constructed from draft genome nucleotide or amino acid sequences by
MLST analysis using 12 concatenated housekeeping genes and Bidirectional best hit
(BBH) with orthologous genes. Twenty-two of twenty-five branches were common by
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both methods. Evolutionary relationships were subsequently calculated using the ge-
nome-to-genome distance calculator (GGDC), Average nucleotide identity (ANI), and
the DNA maximal unique matches index (MuMi). Phylogenetic trees constructed using
GGDC, ANI, and MUMi showed similar tree topologies and were all found to be supe-
rior to trees constructed using only the 16S rRNA gene sequences (45).

The number of Nocardia species with completed or genome sequencing projects in
progress listed in the NCBI/Bioproject webpage accessed May 8, 2020 (https://www
.ncbi.nlm.nih.gov/data-hub/taxonomy/1817/) is presently 84, growing rapidly, and
probably is not inclusive of all known sequencing projects. In 2004, N. farcinica IFM
10152 was the first completed Nocardia genome. At present, there are 5 complete pub-
lished Nocardia genomes including; N. brasiliensis HUJEG-1 (33), N. cyriacigeorgica
GUH-2 (56), N. farcinica IFM 10152 (29), N. nova SH22a (32), and N. seriolae UTF1 (34).
The number of predicted genes ranged from 5,674 for N. farcinica IFM 10152 to 8,414
for N. brasiliensis HUJEG-1. Comparative genome analysis detected 2,745 orthologous
genes among the 5 Nocardia genomes. Whole genome sequencing confirmed the
presence of multiple copies of the 16S rRNA genes. Three rrn operons were identified
in N. brasiliensis, N. cyriacigeorgica, N. farcinica, and N. seriolae. Komaki et al. (2014) per-
formed a genome-based analysis of 5 Nocardia species comparing type-1 polyketide
synthases (PKS-1) and nonribosomal peptide synthase (NPRS) gene clusters (55). The
number of secondary metabolite clusters varied substantially by species. PKS-1 clusters
ranged from 4 to 11 copies and NRRS clusters ranged from 7 to 13. Seven PKS-1 and or
NRPS clusters were detected in all the Nocardia strains examined. Many of these gene
clusters were comprised of unique gene motifs not previously detected indicating the
potential of Nocardia species as important sources for natural secondary metabolites.
Two biosynthesis gene clusters consisting of 10 genes involved for nocobactin NA pro-
duction have been identified following whole genome sequencing (57). Despite the
abundance of genome projects, there are concerns about size, completeness, and ac-
curacy of the data set (58). Likewise, in addition to the availability of whole genome
sequences, it is easy to predict the use of RNA-Seq technology in the future to identify
essential genes required for pathogenesis, growth, cell division, the production of bio-
reactive molecules, metabolism, and other important biological functions.

Vectors and Genetic Tools and Metabolic Engineering

Investigations on the molecular biology of Nocardia species has been facilitated by
the development of cloning vectors, mutagenesis, and by whole genome sequencing.
The first cloning vector, plasmid pCY104, was constructed by Yao (1994) by joining
N. asteriodes IF03927 (mexicana) cryptic plasmid pCY101 with Escherichia coli plasmid
plJ4625, thereby supplying 3 antibiotic resistance gene markers capable of expression
in N. asteriodes (59). The resulting vector, plasmid pCY104, was 8.9 kb with a transfor-
mation efficiency of 8 x 10% transformants per ug pCY104 by electroporation. The
Nocardia-Escherichia shuttle vectors, pNV118 and pNV119, were constructed by com-
bining a 1,777-bp DNA fragment carrying the Mycobacterium fortuitum plasmid
PAL5000 origin of replication into the E. coli cloning vectors pK18 or pK19 (60).
Plasmids NV118/NV119 have several advantages over plasmid pCY104, including a
smaller size, 4.4 versus 8.9 kb, multiple cloning sites, and blue/white screening of trans-
formants in E. coli by lacZ selection. A method for efficient transformation of Nocardia
lactamdurans LC411 was developed using the pULVK series of plasmid vectors (61).
Plasmid pULVK1 was originally derived from a 10.4 kb endogenous plasmid obtained
from Amycolatopsis DSM 43387 by a natural deletion of 4.4 kb within plasmid pRL1.
Two improved E. coli-Nocardia shuttle vectors, plasmids pULVK2 and pULVK3, were
derived from plasmid pULVK1 by addition of a synthetic linker encompassing multiple
cloning sites or by subcloning the Bluescript KS (+) multiple cloning sites. An apramy-
cin gene resistance gene was subcloned into pULVK 2 to produce plasmid pULVK2A.
Transformation efficiency was 7 x 10° transformants per ug of DNA and has been
used to elucidate the pathway for nocardicin A biosynthesis in Nocardia uniformis (62).

Degradation of natural rubber and gutta-percha was investigated in N. nova SH22a
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(63). Mutants defective in rubber or gutta-percha degradation were obtained after
optimization of electroporation conditions resulting in 4.3 x 107 transformants per g
DNA of vector pNC9503. A transposon insertion library composed of 12,000 insertion
mutants was constructed by electroporation of plasmid MA5096 whose construct con-
tains transposon Tn5096 and ampicillin and apramycin resistance markers. Of interest
was the integration of the entire pMA5096 plasmid into the N. nova genome.
Integration of pMA5096 into the genome facilitated identification of the site of integra-
tion, isolation, and sequencing of mutated loci therefore allowing for easier identifica-
tion of mutant loci defective in gutta-percha degradation.

Plasmid shuttle vectors have been used on a variety of investigations to examine
Nocardia metabolism and/or pathogenicity. The source of N. farcinica strains with high-
level aminoglycoside resistance obtained from a clinical bovine mastitis epizootic in
Canada was investigated by Kogure et al. (64). DNA from an amikacin-resistant mastitis
isolate was shotgun cloned in plasmid pNV19 and used to transform the amikacin-sus-
ceptible Nocardia. farcinica IFM10152 host strain. DNA sequencing was performed on
amikacin moderately resistant transformants detecting an A-to-G single point mutation
at position 1408, located in the aminoacyl! site of the 16S rRNA gene. Homozygous
mutations at all three 16S rRNA gene loci were responsible for conferring high resist-
ance to amikacin (64). In order to determine the contribution of the rpoB2 gene to
rifampin resistance, N. asteriodes IFM 03197, a rifampin sensitive strain, was transformed
by electroporation with plasmids pNV1.2 or pNVrpoB2 a construct containing the RNA
polymerase B-subunit (65). Only plasmid pNVrpoB2 transformants grew in the pres-
ence of 100 ug/mL rifampin showing the contribution of the rpoB2 gene to rifampin
resistance. Whole genome sequencing of N. farcinica IFM 10152 identified a biosyn-
thetic gene cluster consisting of 10 genes present in 2 clusters for biosynthesis of the
siderophore notobactin NA (29). Construction of in-frame deletion mutants in the nbtA
and nbtE genes showed highly reduced nocobactin NA production (57). The nbtS gene
was shown to confer salicylate production in Streptomyces avermitilis which lacks a sa-
licylate synthase gene.

Yields of nargenicin A,, a polyketide macrolide, was achieved by the application of
DNA technologies and metabolic engineering using Nocardia sp. CS682 (66, 67). Yields
of nargenicin A, were increased 2.8- fold by the overexpression of heterologous S-aden-
osylmethionine synthetase (metK18) and acetyl-CoA carboxylase due to transcriptional
activation of gene in the nargenicin A, pathway. In cultures expressing the heterologous
metK18 gene supplementation of cultures with methyl oleate increased yields of narge-
nicin A, by 5.57-fold due to increasing the intracellular biosynthetic precursor pool.

Proteomics

Nocardia species are of biological interest due to their potential for production of
novel bioactive metabolites and compounds by its members including antimicrobials,
rubber, and petroleum degradation, waste management, bioconversion, steroid con-
version, and biodegradation of alkanes and aromatic hydrocarbons (63). Despite the
production of important biomolecules, there are relatively few investigations of the
Nocardia proteome. Fourteen signature proteins were detected only in Mycobacterium
and Nocardia species suggesting their close phylogenetic relationship which is in agree-
ment with 16S rRNA gene analysis (68). Koenig et al. used comparative two-dimensional
gel electrophoresis to examine the abundant soluble proteins for 5 Nocardia species iso-
lates grown in Glucose Yeast Extract medium (69). Protein mixtures were resolved by
two-dimensional gel electrophoresis, abundant spots excised, and digested with trypsin.
The tryptic digests were then analyzed by matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS). Several chaperones and housekeeping enzymes were
identified. Arylamine N-acetyltransferase (NAT), an important enzyme involved with inac-
tivation of isoniazid in Mycobacterium, was the first Nocardia protein to be characterized
functionally and structurally (70). The substrate profile of the 293-amino acid NAT gene
suggests NAT may contribute to isoniazid resistance but not to sulfamethoxazole resist-
ance in Nocardia. Highly expressed genes in N. farcinica have been predicted using the

December 2022 Volume 35 Issue 4 10.1128/cmr.00027-21 1


https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00027-21

Updated Review on Nocardia Species: 2006-2021

codon adaptation index (71). Although most of the predicted highly expressed genes
are involved with housekeeping functions, 25 putative virulence or genes required for in-
tracellular survival in a host as well as genes involved for protection from reactive oxy-
gen produced by phagocytes were identified.

MALDI-TOF mass spectrometry. Matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) is an increasingly important method for the
accurate and rapid identification of bacterial and fungal samples, particularly when
given the breadth of Nocardia taxonomy and limitations of biochemical methods (6).
While the upfront cost of a MALDI-TOF instrument is significant, the per sample cost of
running samples is relatively inexpensive and the quick turnaround time coupled with
its ease of use have made MALDI-TOF economically viable for many clinical microbiol-
ogy labs (72-74). There are numerous manufacturers of MALDI-TOF instruments world-
wide, but 2 of the most prominent MALDI-TOF instruments in the United States and
Europe are the Bruker MALDI Biotyper (Bruker Daltonics GmbH & Co. KG) and
bioMérieux's Vitek MS (bioMérieux). Both instruments have been thoroughly examined
in the literature (73, 75-77) and both instruments operate in a similar manner. Briefly, a
sample is applied to a target plate, co-crystallized with a matrix solution (a-Cyano-4-hydrox-
ycinnamic acid) and then the target plate is placed in the instrument. A vacuum is applied
and samples are bombarded with short laser pulses that vaporize the sample leading to de-
sorption and ionization of matrix polypeptides and proteins by charge transfer. The ionized
materials are accelerated in an electric field and enter the flight tube. The time of flight of
the ions to reach the detector is precisely measured to produce characteristic spectra and is
dependent on the degree of ionization and mass (ranging from 100 Da to 100 kDa) (78, 79).
Species identification is based on comparison of sample spectra with spectra in a database.
The quality of spectra has been found to be dependent on variables including the instru-
ment, sample preparation, plate cleanliness, extraction method, age of culture, culture con-
ditions including amount of sample and length of incubation, and method of disruption
(80-82).

Many of the variables impacting MALDI-TOF identification are user determined
(e.g., growth conditions of cultures, type and quality of extraction procedures), but it is
the contents of the reference database that can ultimately determine the success of an
identification (73). As of the publication of this article, the Bruker MBT Compass Library
Revision H contained 89 Nocardia species, while the Vitek MS version 3.2.0 contained
only 16 Nocardia species. It is important to note that 59 of the Nocardia species in the
Bruker library have only a single representative for the respective species. Carrasco et
al. reported that less prevalent Nocardia species were difficult to correctly identify with
MALDI-TOF and suggested that databases needed to be improved to include more of
these species (53). Other investigators have also highlighted the importance of obtain-
ing spectra from multiple strains of the same species to provide a range of spectral
profiles obtainable from a given species (54, 83-85). Lack of Nocardia representation in
commercial databases has led many investigators to create their own MALDI-TOF data-
bases (54, 72, 74, 81, 86, 87), a distinct disadvantage for owners of the Vitek MS as
bioMérieux does not allow for the creation of user databases with their MALDI-TOF
instruments.

Not surprisingly, studies examining the efficacy of user created databases have
found that the percentage of successful identifications increased when custom made
databases where filled with Nocardia strains not in commercially available databases
(72, 74, 81, 86, 87). When Verroken et al. (84) used the Bruker database, only 19 of 43
(44%) Nocardia test isolates were correctly identified. However, when spectra from an
additional 110 Nocardia isolates confirmed by 16S rRNA gene analysis and phenotypic
tests were used to supplement the spectra database supplied with the Bruker Biotyper,
the number of correct identifications improved to 88%. Many investigators agree that
a higher level of correct identifications can be achieved when the manufacturer’s spec-
tra database is augmented with more diverse reference spectra, particularly from un-
usual and newly described species. Investigators who wish to create custom databases
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are advised to obtain secondary identification either by 16S rRNA gene sequences
and/or MLST to confirm the correct species identification before entering reference iso-
lates into custom made MALDI-TOF spectra databases (53, 54).

Unfortunately, the absence of a species in a MALDI-TOF database does not always
result in a “no identification” score. Several studies have reported that when commer-
cial databases are challenged with Nocardia species that are not in the manufacturer
databases, the samples can be misidentified as an incorrect Nocardia species (85, 88,
89). Thus, it is imperative for users to be aware of the contents of the databases they
are searching. Both the Bruker and bioMérieux MALDI-TOF instruments appear to be
equally capable of identifying Nocardia species if the respective species are in their
databases (74, 85, 88, 90-92), and both companies update their databases fairly regu-
larly with additional species and better-quality spectra. However, it is important to rec-
ognize that studies examining how well the Bruker Biotyper and the bioMérieux Vitek
MS identify Nocardia species are dependent on the version of the database that the
authors tested at the time they conducted their study. As a result, a literature review of
which manufacturer can best detect Nocardia is only evaluating the contents and qual-
ity of the respective databases at a specific point in time.

Many bacterial species can rapidly be examined via MALDI-TOF by simply spotting
a colony onto a target plate and applying matrix (the direct transfer or direct smear
method). While some investigators have reported good results using this method with
Nocardia (92), multiple studies report that Nocardia species require a much more rigor-
ous preparation (85, 88); bioMérieux offers an extraction kit (Vitek MS Mycobacterium/
Nocardia Kit) to assist in the preparation of Nocardia samples for MALDI-TOF analysis.
The procedure utilizes 0.5 mm diameter glass beads in a bead beating step, but is oth-
erwise very similar to the Bruker extraction method that utilizes ethanol, formic acid,
and acetonitrile that many authors have employed when working with Nocardia (86,
89, 91, 92). Some studies have noted that bead beating is not necessary for Nocardia
MALDI-TOF extractions (89, 92).

Several authors have highlighted the importance of culture conditions when identify-
ing Nocardia via MALDI-TOF and a wide variety of media and culture conditions have
been employed with varying levels of success. Mycobacterial growth indicator tube
broth, Trypticase soy broth, brain heart infusion agar with 5% rabbit or sheep blood, bro-
mocresol purple agar, buffered charcoal yeast extract media, chocolate agar, Columbia
blood agar, horse blood agar, Lowenstein-Jensen medium, Middlebrook and Cohn 7H11
agar with Oleic Albumin Dextrose Catalase, Sabouraud dextrose agar, and tryptic soy
agar with and without 5% sheep blood have all been utilized to culture Nocardia for
MALDI studies (53, 54, 72, 80, 81, 84-96). Cultures have been reported to be incubated
at temperatures ranging from 30°C to 37°C from 18 h to 7 days, with and without 5%
CO, (53, 54, 72, 80, 81, 84-96). It is important to ensure that Nocardia are cultured with
the correct media, but for use in MALDI-TOF investigators specifically examining culture
conditions have reported that Columbia blood agar (or other media that can promote
quick growth) incubated for less than 48 h produced the best results (81, 85, 89).

Unlike phenotypic testing and DNA sequencing, MALDI-TOF does not appear to
require mature colonies for successful identification of Nocardia (81). Khot et al. reported
that 52% of Nocardia isolates could not be identified (Bruker score <1.7) when cultures
were allowed to grow for more than 48 h (81). But when re-grown for less than 48 h
only 12% could not be identified. McTaggart et al. found that Nocardia cultures grown
for 3 days on Sabouraud dextrose agar resulted in only 36% of species being identified
to the species level. But, when cultures were grown on Columbia blood agar as soon as
growth was observed (18 to 72 h), 81% of the cultures were correctly identified to the
species level (89). Similarly, Toyokawa et al. stressed the importance of using colonies
between 18 and 48 h when using MALDI-TOF to identify Nocardia (91).

Since multiple factors can lead to a failure to identify a sample, either repeating an
extraction or spotting samples multiple times on a target plate can improve results (80,
85, 88). Particularly with the Bruker Biotyper, some investigators have adopted much
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less stringent criteria for their identifications than those recommended by the manu-
facturer. Specifically, for Nocardia species, Bruker scores as low 1.9 (81), 1.8 (92), and
1.7 (74) have been used and/or suggested for Nocardia species level identifications,
and as low as 1.5 for genus level identifications (92). In instances where the Bruker
Biotyper reports multiple species with scores above 2.0 some investigators have
employed a “10% rule difference” to determine if an identification can be made (74,
97), but this appears to only be necessary with <1% of Nocardia species (74).

MALDI-TOF analysis has been shown to be a rapid method with a relatively high
degree of accuracy for the identification of the majority of Nocardia isolates, but investiga-
tors are cautioned that not all Nocardia species are resolvable with MALDI-TOF (9, 81, 88,
90). MALDI-TOF alone cannot be used for identification of all organisms (73) and, there-
fore, it is sometimes necessary to employ other methods of identification such as
DNA sequencing, which is still currently the gold standard for identification.

Direct Detection in Formalin-Fixed, Paraffin-Embedded Tissue, and Clinical Samples

Formalin/paraformaldehyde-fixed paraffin-embedded (FFPE) tissues from biopsy or
autopsy are important sources of clinical materials. Identification of Nocardia in FFPE
tissue samples by direct examination of stained histologic sections is difficult because
many other bacteria, especially mycobacterial organisms, are indistinguishable by mor-
phology alone using histochemical stains. However, histopathologic features with a
panel of ancillary histochemical stains can still provide insightful information for differ-
ential diagnosis and the extent of tissue damage caused by nocardial infection (98, 99).
Nocardial infection frequently causes abscess formation (Fig. 1A) and granulomatous
response (Fig. 1B) in the tissues involved, such as lung (Fig. 1B), skin (Fig. 1C, D, and E),
and brain (Fig. 1A). Routine hematoxylin & eosin (H&E) stain shows necrosis, karyor-
rhectic debris, and neutrophilic infiltrate in the abscess, and lymphohistiocytic infiltrate
with multinucleated cells in granulomatous inflammation. In rare instances, dense
aggregated granules (grains) with a peripheral radial deposition of intensely eosino-
philic material - a Splendore-Hoeppli phenomenon - may be observed in cutaneous
infection (Fig. 1E). The bacilli cannot be demonstrated directly by the H&E stain.
Ancillary special stains, including Gram stain, Grocott methenamine silver (GMS) stain,
Steiner silver stain, and acid-fast bacilli (AFB) stain can help highlight the bacilli in tis-
sue samples. However, the sensitivity of these special stains varies depending on the
quality of the stains, the number of organisms in the tissues examined, the species of
nocardia, and subjective interpretation bias. When the bacilli are observed, these stains
are not specific and can only raise the index of suspicion for nocardial infection. Gram
stain usually shows thin, delicate, beaded filaments with variable gram-positivity
(Fig. 1F). GMS stain (Fig. 1G) and Steiner silver stain (Fig. 1H) both can readily illustrate
the bacilli, and the GMS is the most sensitive screening stain for nocardiosis. AFB stain,
such as Ziehl-Neelsen stain may partially highlight the bacilli but the result is often
inconsistent and cannot be interpreted alone without other stains. Unlike many bacte-
rial and fungal organisms, Nocardia species are not visualized with Periodic acid-Schiff
(PAS) stain.

Identification from FFPE tissue has been accomplished by in situ hybridization with
fluorescently labeled oligonucleotide probes specific to the variable regions of 16S
rRNA gene sequences or by using a PCR-based assay. Due to the presence of high mo-
lecular weight mycolic acids in Nocardia species cell walls, permeabilization of N. aster-
oides cell walls in fixed cells was discovered to require mild acid hydrolysis (1 M HCl for
30 min) in order to allow the entry of fluorescently labeled oligonucleotide probes
inside cells (100). An investigation by Carr et al. (2005) detected an enhanced fluores-
cent signal when using a combination of acid hydrolysis with enzyme treatments
(101). Enzyme treatments included combinations of lipase/proteinase K, acid/mutano-
lysin/lysozyme or acid/lipase/proteinase K. Fluorescent labeled oligonucleotide probes
specific to 16S rRNA gene sequences were used to identify Nocardia in 10 of 13 tissue
samples (102). Whereas in situ hybridization provided a rapid and specific method for
identifying Nocardia in tissues while maintaining tissue morphology using standard
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FIG 1 (A) Nocardial brain abscess. Routine hematoxylin & eosin (H&E) stain shows necrosis, karyorrhectic
debris, and neutrophilic infiltrate in the abscess. Original magnifications: X200. (B) Nocardial lung infection
with granulomatous inflammation. H&E stain shows a granuloma with central necrosis, lymphohistiocytic
infiltrate at the periphery, and rare multinucleated cells (arrow). Original magnifications: X100. (C)
Nocardial skin infection. H&E stain shows a zone of mixed inflammatory infiltrate (arrows) and large area
of abscess formation (arrowheads) in the dermis. Original magnifications: X50. (D) Nocardial skin infection
with granulomatous inflammation. H&E stain shows a granuloma (arrow) with central necrosis and
lymphobhistiocytic infiltrate at the periphery, as well as scattered multinucleated cells in adjacent area
(arrowheads). Original magnifications: X100. (E) Nocardial skin infection. H&E stain shows dense aggregated
granules (grains) with a peripheral radial deposition of intensely eosinophilic material (arrows) - a
Splendore-Hoeppli phenomenon. Original magnifications: X100. (F) Gram stain showing scattered Gram-
positive and gram-variable nocardial organisms in the abscess. Original magnifications: X400. (G) Grocott
methenamine silver (GMS) stain showing clusters of filamentous nocardial organisms in the abscess.
Original magpnifications: X400. (H) Steiner silver stain showing clusters of filamentous nocardial organisms in
the abscess. Original magnifications: X400.

December 2022 Volume 35 Issue 4

10.1128/cmr.00027-21

Clinical Microbiology Reviews

15


https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00027-21

Updated Review on Nocardia Species: 2006-2021

formalin-fixed tissues, no significant increase in sensitivity was noted after comparison
to histologic staining. Negative results following in situ hybridization may signify either
low sensitivity of the probe or the microorganism of interest was not present.

To detect Nocardia species directly from clinical samples (sputa, bronchoalveolar
liquid [BAL], pus and skin biopsy), Couble et al. (2005) developed a PCR-based assay
amplifying a 590-bp 16S rRNA gene fragment using Nocardia-specific primers, NG1
and NG2 (103). Following agarose gel electrophoresis, the PCR product was transferred
to a solid support by Southern blotting and then hybridized with a chemiluminescent
16S probe. The method successfully identified 5 different Nocardia species in 18 sam-
ples. In comparison, 20 culture positive Mycobacterium tuberculosis samples were nega-
tive by the assay. The sensitivity of the assay was determined using spiked samples of
BAL. Stained agarose gels detected 1,000 CFU/reaction whereas 1 CFU/reaction were
detected by Southern blotting. The etiologic agent present in a brain abscess was reported
(99); FFPE brain tissue from the abscess was deparaffinized and DNA purified using a com-
mercial DNA isolation kit. DNA sequencing of a 330-bp rRNA gene target fragment showed
the highest degree of sequence homology to either N.farcinica or N. otitidiscaviarum con-
firming histological examination showing Gram-positive, branching mycelium. The isolate
was identified as N. farcinica using a species-specific PCR assay (104).

Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing of Nocardia isolates has been used both as a
method of identification and a way to guide therapy. There are previous reports that
delve deeply into this topic so that history will not be retraced here (6, 9, 23).

Currently, the Clinical and Laboratory Standards Institute (CLSI) broth micro dilution
method is the recommended method for performing AST on Nocardia isolates (16). The
most current methods are described in detail in the standard M24 3rd edition that
replaced the M24-A2 in 2018 (16). First line recommended drugs for testing are: amikacin,
amoxicillin-clavulanate, ceftriaxone, ciprofloxacin, clarithromycin, imipenem, linezolid, min-
ocycline, moxifloxacin, trimethoprim-sulfamethoxazole, and tobramycin. Second line drugs
are cefepime, cefotaxime, and doxycycline (16). For many of the frequently reported spe-
cies such as N. brasiliensis, N. farcinica, N. nova, N. cyriacigeorgica, and the N. transvalensis
complex, susceptibility and resistance to antimicrobial agents can be predicted with accu-
rate identification (105Conville, 2012 #3606). However, it is highly recommended that AST
be performed on all Nocardia isolates of clinical significance for the best clinical outcome.

Sulfonamides have historically been the drugs of choice for treatment of nocardial
infections (6). When performing in vitro AST against these drugs, endpoint determina-
tion can be difficult due to the growth characteristics of Nocardia species. This issue
has also been reported when testing against several other drugs of choice such as cef-
triaxone and imipenem where false resistance has been documented (105). In 2012, a
multisite reproducibility study by Conville et al. traced many of the difficulties with
reproducibility across, and within, testing laboratories back to the physiological and
growth characteristics of nocardiae (105). Cells of nocardiae are hydrophobic due to
the presence of mycolic acids in their cell walls (6). Even distribution of cell mass in lig-
uid inoculum is difficult because the culture tends to become clumpy and float.
Conville et al. also found that because of differences in growth characteristics between
species within the genus, susceptibility endpoint determination can be inconsistent
between testing personnel (105). Their findings, therefore, presented the need for a
reference strain of Nocardia for growth characteristics to be proposed, N. nova strain
ATCC BAA-2227. Further, as a means of confirmation of resistance to sulfonamides, the
use of a disk diffusion test for sulfisoxazole was also proposed. CLSI now has incorpo-
rated this requirement in the most recent edition of the M24 (16).

CLINICAL DISEASE: NOCARDIOSIS
Epidemiology

In 1976, Beaman and colleagues published a report with the aim of measuring the
incidence of nocardiosis in North America (1). They found that because there is no
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national reporting system for Nocardia infections, accurately measuring the incidence
of the disease was not possible. This still holds true today.

Demographics. Many studies report that males outnumber females at a ratio of 2
to 3:1 (3, 106-109), but other studies show a more equitable distribution with slightly
fewer females (5, 110-112). The differences in distribution may be associated with an
underlying association of sex with the risk factor of interest in the study. Two studies
among solid organ transplant recipients reported a ratio of 1.7:1 (8) and 2:1 (107) males
to females, but the latter study reported a ratio of 3:2 among all transplant patients at
their facility (107). Other transplant (113-115) and older HIV studies (109, 116, 117)
report a disparate ratio by sex. Malignancy studies reported ratios of 1:1 (110, 111) and
1.6:1 (118), non-specialty facilities reported ratios of 1.1:1 (119) - 1.3:1 (5), while national
reference laboratory reports vary widely (1.4:1 [112] to 2.4:1 [120]).

McNeil et al., in the seminal summary of medically important actinomycetes, stated
that cases typically are in their “third to fourth decade” (4), although some recent stud-
ies have average ages in the 50's (5, 121) and 60’s (112). Reports range widely in aver-
age age reported, which also may have an association with risk factors. The average age
among patients for whom isolates were sent to CDC between 2008 and 2018 with age
information (n = 1,894) was 58.0 (Standard deviation [SD]: 21.5, range 7 weeks-104)
(unpublished CDC data).

Sources of disease. As saprophytic bacteria, Nocardia spp. decompose organic mat-
ter in the soil (122) and have been found widely in soil and water (123). Generally, pul-
monary exposure occurs when aerosolized spores or mycelia are inhaled (4); the bacte-
ria are frequently found in dust and bioaerosols (123-126). Primary pulmonary
infection more often occurs in immunocompromised individuals (6) or those with
structural lung disease (127, 128).

The second exposure route is direct inoculation into the body, which is the source
of most primary cutaneous infections (3, 129, 130). Inoculation can be traumatic, such
as an injury sustained during a car accident (131) or mildly traumatic as a prick from a
bush (132), through a nosocomial exposure (124, 133-136), or through dust or dirt
entering into open wounds (3, 130). In an extreme case, a patient developed nocardial
meningitis following a traumatic skull fracture (137).

Nosocomial. As previously stated, nosocomial exposures are infrequently reported
in the literature; source confirmation varies (124, 138). Exmelin et al. reported an out-
break among 3 immunocompromised heart transplant patients in the same ward with
highly similar strains; no potential source was identified (135). Two instances of disse-
minated disease occurred in immunocompetent cases following insertion of prosthe-
ses (136, 139), but again, the source was not identified.

Houang et al. reported the source of a nocardiosis outbreak in a renal unit was con-
taminated air ducts, as they were able to recover a small number of Nocardia spp. colo-
nies from air, dust, and settle plates placed in the ward (124). Because molecular typing
was not yet available to confirm the relationship of the isolates, there is not confirma-
tory evidence of the source of the infections. A more recent investigation used molecu-
lar typing methods to determine that the source of an outbreak among 5 open heart
surgery patients was traced to an anesthesiologist who was present at each surgery
and was found to be colonized with the organism (140).

One study suggested that exposure to medical equipment was a possible source of
infection (141). There was extensive Nocardia spp. biofilm formation found on central ve-
nous catheters used at a cancer facility where 10 patients had central line-associated
bloodstream Nocardia spp. infections and another 7 were bacteremic (141). The authors
did not assert that the infections were definitively from the catheters, although they rec-
ommended antimicrobial treatment of central venous catheters to reduce biofilm
growth. Beyond such prophylaxis, no specific precautions are recommended to prevent
Nocardia spp. nosocomial transmission due to its rarity and limited evidence for commu-
nicability. However, the clinical implications of environmental contamination with
Nocardia spp. in health care settings may need to be reconsidered. For example, Rahdar
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et al. found evidence of 25 Nocardia spp. isolates from 63% of Iranian hospitals that were
sampled (126).

Incidence. Current knowledge of nocardiosis incidence in the United States is based
on an historical survey of 171 infectious disease physicians from 1974 and isolates received
at the CDC reference lab (1). This extrapolated estimate was 500-1,000 new cases annually,
which has been referenced frequently and recently (142, 143) despite changing demo-
graphics of the population (144), increasing numbers of immunocompromised adults
(145), longer survival (146), and greater occurrence of higher risk conditions (based on
Organ Procurement and Transplant Network data as of January 17, 2019), and improved
laboratory methods (10).

Although there are no current national-level estimates of nocardiosis incidence or prev-
alence for the United States, there are many prevalence estimates among special patients
at specific facilities. A retrospective study from a transplant facility calculated an overall
prevalence rate of 0.6% among their transplant patients; by organ type, rates ranged from
0.1% among liver transplant patients to 3.5% among lung transplant patients (114).

Globally, reports are in conflict whether nocardiosis incidence is increasing or remains
stable (128). In Japan, a population-based analysis of isolates from 1992-2001 found the
raw count to be trending upward (39), but they did not account for population growth.
A study from Quebec reported increasing incidence (147), while 2 studies from Spain
reported a stable incidence (120) and a non-significant positive change (121).

Risk factors among the immunocompetent. An estimated 60% of infections occur
in immunocompromised individuals, and 40% are reportedly immunocompetent (148,
149). However, it is estimated that 10% or fewer infections occur in immunocompetent
individuals without any risk factors (150, 151), such as chronic lung disease, on long-
term corticosteroids, or have other underlying conditions that may predispose them to
a lung infection (106, 128, 143). More specifically, these include chronic obstructive
pulmonary disease (127), bronchiectasis (128), and cystic fibrosis (143, 152).

In one review of 59 cases of pulmonary disease, 88% had some sort of underlying
pulmonary condition, including structural changes to the lung, but most were consid-
ered immunocompetent (106). Structural changes to the lungs (127, 128) may impact
the respiratory immune response (153), as can aging (153), which may increase the risk
of pulmonary nocardiosis among adults 65 and older. A recent study has found an
association between disseminated nocardiosis among immunocompetent individuals
with granulocyte macrophage colony-stimulating factor autoantibodies (154). This
association requires additional research but may help explain the ability of nocardiae
to overtake an apparently healthy immune system. The remainder of immunocompe-
tent nocardiosis cases are likely exposed to the bacteria by inoculation (132) leading to
cutaneous infection, or nosocomial exposure leading to arthritis (133, 134, 155) or eye
infections (14).

Corticosteroids. Nocardiosis has been associated with the use of oral and inhaled cor-
ticosteroids (5, 121, 128). This association is not restricted to Nocardia spp.; a similar corre-
lation has been found with non-tuberculosis Mycobacterium pulmonary infections (156). It
is not clear the extent of the impact of lung structural changes compared to prolonged
corticosteroid use, since many patients with structural changes are on extended corticoste-
roid use (127). One study of 31 pulmonary nocardiosis cases found 7 (23%) cases had
COPD, 4 of whom were on prolonged steroids, and 20 cases overall (64.5%) had prolonged
steroid use (157). In another study, immunocompromised patients with prolonged cortico-
steroid use had a much higher mortality compared to both immunocompetent and immu-
nocompromised patients not taking corticosteroids (85%, 15%, and 20% respectively)
(158). Improvements in targeted immunosuppressive medications for transplant patients
and others have reduced the use of broad corticosteroids (114), which may be a factor in
reports of decreasing infections among transplant recipients (107, 113).

Risk factors among the immunocompromised. Conditions that affect cell-mediated
immunity dominate the risk factors for nocardiosis among the immunocompromised (159).
The immune response to nocardiae begins with innate immunity; first, monophils and
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neutrophils phagocytize most nocardiae and inhibit their growth, although the nocardiae
are not destroyed (160, 161). Adequately functioning T-lymphocytes are then required to
directly contact the nocardiae, causing subsequent lysis and killing of the bacterium (162),
which prevents pulmonary or systemic nocardial infection. However, adequately functioning
cell-mediated immunity may aid in the development of mycetoma granulomatous inflam-
mation (163).

Transplant. Solid organ and hematopoietic stem cell transplant (HSCT) recipients
are at greater risk of bacterial infection due to induced immunosuppression required
to prevent rejection (5, 164, 165). Transplant recipients remain at risk despite more pre-
cise effects of anti-rejection drugs on the cell-mediated immune system compared to
older medications such as azathioprine (113, 142, 165).

The prevalence among heart transplant patients ranges from 0.65% (149, 166)—2.5%
(114), although historical reports show rates of 13% when patients received azathioprine
for immune suppression (113, 115). Peleg et al. also calculated nocardiosis rates by organ
transplant types: kidney (0.2%), liver (0.1%), small bowel/multi-visceral (1.3%), and lung
(3.5%) (114). Rates reported in Spain are similar, although lower among lung transplant
patients (renal [0.26%], hepatic [0.18%], and lung [1.78%]) (149). Yet, multiple reports
support higher rates of infections among lung transplant patients compared to other
organ transplants (149, 167, 168).

Nocardia spp. infections have occurred months to years after receipt of the transplant
(149, 164, 169). Although Peleg et al. found that 63% of transplant recipients developed
nocardiosis within 1 year of transplant (114), a multisite study found that only 41% of
recipients had onset during the same time (8). The median time from transplant to no-
cardiosis onset was 17.5 months (range 2-244 months), although this varied significantly
by organ transplanted (8). Onset more than 3 years after transplant occurred in 31.6% of
patients (8), and 14% had onset more than 5 years post-transplant (114).

Most infections are pulmonary, and nodules are a common finding (8, 114, 168).
Extrapulmonary dissemination ranged widely but was more common in transplant patients
than others (5). Dissemination ranged from 20% to 47% (8, 114, 168, 170). Mortality also var-
ied widely, from 14% (114) to almost 40% (128).

A number of risk factors have been identified beyond immunosuppression. Risk fac-
tors found from 2 studies include high dose steroid use and high calcineurin inhibitor
levels within the previous month (114, 169). Additional risk factors include recipient
age, use of the immunosuppressive drug tacrolimus, intensive care unit length of stay
following the transplant (169), and cytomegalovirus (CMV) infection or disease (8, 114).
CMV reactivation occurs in patients with hemopoietic stem cell transplant (171).

Malignancy. Patients with solid tumors and hematologic cancers are at elevated
risk of nocardiosis, likely due to cell-mediated immunosuppression (111). A surveillance
study in southern France found 22% of cases had a history of malignancy (172). The
majority of infections occur in patients with hematologic cancers (54.5-64%), followed
by solid tumors (36-43.9%) patients have frequently received stem cell transplants
(31%-35.6%) (111, 118). In a cancer population, nocardiosis frequency appears to be
increasing over time—infections averaged 3.3/year from 1988 to 2001 (111), 4.6/year
from 2002 to 2005, and 16.4/year from 2006 to 2012 at a cancer facility (118). Incidence
during the first period was 60/100,000 patients with the highest incidence among
bone marrow transplant recipients (701/100,000 patients) (111); incidence was not
published for the latter time periods (118). The increasing frequency has been ascribed
to improved testing, recognition, and survival among cancer patients (118), especially
as the toxicities from some therapeutics, such as the monoclonal antibody alemtuzu-
mab or purine analogs, can last for months to a few years after use (173).

Monoclonal antibodies are now common, effective therapies for malignancies (174,
175), but their mechanism of action leads to defects in cell-mediated immune
response. Alemtuzumab causes neutropenia lymphopenia, while rituximab causes B-
cell lymphopenia; both have the potential for increased risk of infection, although viral
infections or reactivation appear more frequent than bacterial infections (173, 175-
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177). CMV infection or reactivation is also a concern for hematologic cancer patients
treated with alemtuzumab and occasionally with other monoclonal antibodies (171,
178), which in turn is associated with nocardiosis (8).

There are a small number of reported nocardiosis cases in patients receiving monoclo-
nal antibodies used for cancer therapy (174, 179), which raises the question of the effect of
the B-cell associated lymphopenia from rituximab on T-cell immune response (164, 175).

Cancer patients may also be at risk because nocardiae can compose biofilms on
central venous catheters (CVC) (141). Such growth can lead to central line-associated
bloodstream infections (CLABSI) (141), and may be related to disseminated bacteremia
in patients with CVCs (108, 141). Although these infections appear to be rare, those
with CLABSI had better outcomes than those with disseminated infection, including
shorter hospital stay and lower mortality (141).

Nocardiosis symptoms, such as fever, may not be present due to immunosuppres-
sion (118). Additionally, abscesses can be difficult to differentiate from malignancies
(7), and may be confused as metastasis of an existing cancer (180). This is particularly
true for central nervous system (CNS) infections in patients with cancers that frequently
metastasize to the brain, which can delay diagnosis and may affect prognosis (180).

HIV. HIV is a risk factor for nocardiosis owing to its impact on cell-mediated immu-
nity (159). Although HIV may be the primary risk factor in many cases, in one study,
half of the patients also had chronic lung disease (120). Reported all-cause mortality
from older studies was 63% (109) and 67% (116). More recent reports indicate that no-
cardiosis is less frequent in HIV-positive persons possibly as a result of prophylactic tri-
methoprim-sulfamethoxazole to prevent Pneumocystis infections (142). However, this
prophylaxis may not provide adequate protection against nocardiosis (5, 170).

There are a few estimates of nocardiosis prevalence among HIV-infected individuals.
A few articles that are frequently referenced report cases from the 1980s (109, 116,
181) when the demographics, care, and prognosis was vastly different for HIV-positive
patients compared to today (146). These estimates range from approximately 0.3%
(116, 181) to 1.8% (109). In Spain, a report found an incidence rate of 0.38% (120), while
one study in Cote d'lvoire found a nocardiosis prevalence of 4% among patients who
died of AIDS (117).

Injection drug use is commonly reported among cases with HIV and nocardiosis. In
Uttamdani et al.,, 53% of HIV-positive nocardiosis cases were injection drug users (IDU),
compared to 30% among the HIV-positive patients who received treatment at the
same time (109). Cases also frequently had onset of AIDS concurrent with the nocardio-
sis infection or within the previous 6 months (60%) (109).

Pulmonary nocardiosis can be mistaken for tuberculosis (7), and tuberculosis and HIV
are frequent co-infections (182). Among 10 patients who were diagnosed postmortem
with nocardiosis, 40% had been incorrectly diagnosed with tuberculosis prior to death
(117). Of HIV-positive patients presenting to a chest clinic for suspect pulmonary tuber-
culosis in Sudan, 1.2% were diagnosed with nocardiosis (183); 2.9% of HIV-negative
patients at the same chest clinic also had nocardiosis, but 94% of patients had a risk fac-
tor for nocardiosis (183). Another study that also evaluated patients with suspect pulmo-
nary tuberculosis in Ghana found 16.7% were co-infected with HIV and Nocardia spp.
while 8.3% were co-infected with HIV and tuberculosis (184).

Global Distribution and Ecology

Nocardia have been isolated from many sources including soil, seawater, caves,
sugar cane fields, in association with ants, and humans. Infections are considered to be
opportunistic and may be localized or disseminated and are widely distributed globally
and found in a variety of ecological systems A few studies have attempted to evaluate
the geographic distribution of Nocardia species, primarily using clinical isolates (3, 128,
185). The genus Nocardia appears to be ubiquitous in many locations around the world
(2,14,117,121,126, 157, 174, 183, 185-187).

There may be geographic variation by infecting species. The previously named N. aster-
oides, which has been separated into multiple diverse species (40), and N. farcinica have
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been reported to have an even distribution across the United States (6, 151). One report
claims that N. nova is less frequently identified in the southwest (151). Of N. brasiliensis
case reports in the United States up to 1984, 63% were published in 5 states (Texas,
California, Florida, North Carolina, and Oklahoma) (3), although these results are perhaps
limited by publication bias. Another author based in the southwestern U.S. has stated that
N. brasiliensis is most common in the southeast (based on the previously mentioned study)
and the southwest, based on receipt of 40 N. brasiliensis isolates out of 455 Nocardia iso-
lates in 5 years (151). Uhde et al. report that 59 of 106 (56%) of N. brasiliensis isolates origi-
nated from Tennessee and Florida over a 10-year period (2), which supports the claim of a
higher prevalence in the southeast.

Ecological characteristics likely influence the presence of Nocardia spp. organisms
and geographic variation of Nocardia spp. in the soil. It is generally accepted that no-
cardiosis is endemic in tropical and subtropical climates, while infections are less fre-
quent in temperate climates (6). Warmth and humidity have been associated with
nocardial keratitis (188) and actinomycetoma (189). This association may be intensified
by greater soil exposure due to the types of clothing and shoes worn (or not worn) in
hot and humid environments (187-189). These results contradict a statement of a
regionally-based author that most U.S. cases occur in the hot, dry, and windy climate
of the American southwest (151).

Nocardia species diversity, but not the presence of Nocardia spp., may be influenced
by soil characteristics. A soil study from Iran found that 60% of “N. asteroides complex”
were found in soil with pH 7.1 to 8.0, and 63.6% of N. brasiliensis isolates were from soil
pH 8.01 to 9 (190). The greatest frequency of “N. asteroides complex” were recovered
from a desert climate (190), contrary to associations of nocardiosis with humidity (188,
189). Despite the findings that soil characteristic preferences may differ by Nocardia
species, this was not borne out in a study of human infections at a local level (128).
The evaluation did not find evidence of an association of soil characteristics at case res-
idences or geospatial clustering of case residences regardless of infecting species
(128). Host susceptibility and marginal ecological variation at the local level may affect
the influence of species soil preference.

Clinical Manifestations

There are 3 main forms of nocardiosis: primary cutaneous, pulmonary, and dissemi-
nated infections (6). Less frequent sources or presentations of disease include bactere-
mia, ocular, and other extra-pulmonary infections (6). Other authors describe additional
forms of disease: CNS, extrapulmonary, and mycetoma (163). The most common forms
are described below, as well as a few forms of extrapulmonary disease.

Cutaneous disease. Primary cutaneous nocardiosis is caused by the direct inocula-
tion with soil contaminated with Nocardia spp. (3, 5, 130). Some cases report no
trauma, such as innocuous events including direct contact of open cuts with soil when
gardening (3, 130) or a thorn prick (132). Traumatic inoculation has been reported,
such as injuries from a car accident (131) and through nosocomial exposure (135).
N. brasiliensis may account for up to 80% of cutaneous infections (6, 163). Interestingly,
one study in Houston found N. farcinica to most commonly cause skin infections,
although this was in a severely immunocompromised population (118).

Primary cutaneous infection can disseminate hematogenously to cause systemic, or
disseminated, nocardiosis (191). Primary cutaneous infections can present as superfi-
cial, lymphocutaneous, subcutaneous/actinomycetoma (159). Meanwhile, it is esti-
mated that 8 to 10% of cutaneous infections are secondary to a primary pulmonary
infection that disseminated to the skin (159, 163).

The least severe form, patients with superficial skin infections may have ulcers (192),
cellulitis (193), abscesses (194), granulomas (195), as well as pustules, plaques, or papules
(129). The superficial form was found to be the most common form of cutaneous nocar-
diosis in the United States in one literature review of 75 cases (129). The authors also
found an average time to diagnosis of 12.7 weeks (range: 0.5 to 52) from 43 patients
with superficial cutaneous nocardiosis, and only 32.6% were immunocompromised
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(129). Only infrequently do superficial infections progress into disseminated infections
(196). Differential diagnoses include other pyogenic bacterial infections, including
Staphylococci and group A streptococci (3, 130), sporotrichosis (6, 191), tularemia (7,
191), or Erysipelothrix spp. infections (7).

An estimated 1/3 of cutaneous infections progress to the lymphocutaneous form
(197), which involves the lymphatic system; it is also called sporotrichoid nocardiosis
because of its similarity to sporotrichosis (198). In one series, patients frequently pre-
sented with a nodule, as well as local pain, edema, erythema, warmth, and induration
(130). Some patients presented with lymphangitis and lymphadenopathy (130), as well
as cellulitis; the lesions may progress to subcutaneous abscesses (129, 191). Average
time to diagnosis of 26 patients was 20.6 weeks (range: 0.5 to 208) (129), slightly longer
than that for superficial infections; 46.2% were immunocompromised (129). Differential
diagnoses include sporotrichosis (198) and Mycobacterium marinum infection (7, 199).

Both cutaneous and lymphocutaneous forms often present on the extremities (118,
129, 130, 191), which may point to the ability for trauma to occur on uncovered skin.
Specimens for diagnosis include fluid drained from abscesses or lesions for culture, or
biopsies of the lesions to identify histopathologic evidence of Nocardia spp. bacilli
(129, 130, 191). Co-infections may confuse the diagnosis (3, 199), and contamination of
the wound with multiple organisms can outcompete or conflate the causative agent of
the infection (3). Finally, a full examination must be done to rule out secondary cutane-
ous infection due to dissemination (4).

Pulmonary disease. Primary pulmonary nocardiosis is thought to be caused from
inhalation of aerosolized spores or mycelia (4). Pulmonary infection is the most com-
mon form of disease in the United States (6, 159), and more often affects patients with
structural lung disease (127, 128), immunocompromising conditions (6), or those tak-
ing corticosteroids for more than 6 months (127, 128).

Respiratory tract colonization is reported in many reviews of pulmonary infections (106,
119, 143, 200). Some lung diseases, such as cystic fibrosis, may predispose patients to respi-
ratory tract colonization (143). Georghiou et al. found 20% of Nocardia spp. isolates were not
associated with clinical symptoms and the patients were assumed to be colonized (197),
while Fujita et al. found 40% of immunocompetent patients were colonized (200). If a
patient has symptoms or signs of lung infection and a positive Nocardia spp. culture from a
respiratory specimen, the result should be assumed to be clinically important (119, 200).

The disease is characterized by an acute onset with inflammatory response, which
progresses to granulomatous inflammation and necrotic abscess development (150,
151). Symptoms are usually nonspecific, including cough, dyspnea, and fever (106, 118,
150, 200, 201); pleuritic chest pain has also been reported (201). One study found that
symptoms did not differ significantly by immune status (200).

Clinical signs include presence of leukocytosis and elevated C-reactive protein (118,
150, 200). Frequent radiographic findings include the presence of one or more lung
nodules, lobar consolidation, and pleural effusion (106, 118, 150, 200); pulmonary infil-
trates and necrotizing granulomas may be present (118), and lung findings are frequently
bilateral (8). Cavitation is reported more frequently among immunocompromised patients
(5, 200).

Time from onset to diagnosis varies widely. An older literature review found the av-
erage time to diagnosis was 11.7 weeks (SD: 16.5, range: 2 days to 29 months) while a
more recent study found an average of 42 days (SD: 40) (157). Although reasons for
the delays were not explained, more rapid diagnostic results and improved clinical rec-
ognition may be factors in the differences between periods. When differentiated by
immune status, mean delay was 45.8 days (SD: 45) for immunocompetent patients
who presented with subacute infections, and 7.4 days (SD: 12) for immunosuppressed
patients with acute infections (200). Delays in diagnosis (202) and acute disease (150)
are associated with poor outcomes and higher mortality.

The proportion of patients that progress to disseminated infection also varies and is asso-
ciated with immune status. Dissemination to an extrapulmonary site has been reported in 0
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to 4% of immunocompetent patients and 22 to 28% of immunosuppressed (128, 200). When
immune status is not differentiated, the proportion ranges from 8.5% to 38% (118, 158, 201).

Symptomes, signs, and radiographic findings are not sufficient for diagnosis of nocar-
diosis due to their lack of specificity. Differential diagnoses for pulmonary nocardiosis
include tuberculosis and non-tuberculosis Mycobacterium infections, various fungal
(e.g., Aspergillus spp.) and bacterial infections (e.g., Rhodococcus equi in HIV-positive
patients), and malignancy (4, 7, 203).

Early specimen collection, particularly prior to antimicrobial therapy, will improve
the ability to recover organism for microbiological or histopathological diagnosis (127).
Noninvasive collection methods for respiratory specimens produces good recovery of
organism (118, 157); sputum and bronchoalveolar lavage are the most common speci-
mens reported (106, 118, 127, 157, 200).

Disseminated disease. Disseminated, or systemic, infection is due to the hematoge-
nous spread of the infection to a noncontiguous organ or system (6, 163). It can result
from primary cutaneous or pulmonary infection; it can cause infection anywhere in the
body, but predominately affects the skin, lungs, and CNS (5, 163). Other relatively com-
mon locations of disseminated infection include the kidney (204), joints (205), retina
(206), and heart (207).

Dissemination appears to occur more commonly in those with immunosuppression
(5, 200). A study of 4 medical centers in Taiwan found only 6% of nocardiosis cases had
dissemination (208), and a surveillance study in Spain found 13.5% had disseminated dis-
ease (121). When separated by immune status, dissemination was 0 to 9% among immu-
nocompetent and 22 to 27% among immunocompromised patients (5, 200). Transplant
recipients are at greatest risk of dissemination (5); 42.7% of patients experienced dissemi-
nated disease in a large multi-site study (8). Radiological imaging is important to locate
abscesses using computed tomography (CT) or magnetic resonance imaging (MRI) (186).

Central nervous system. In a study of 1,050 cases, 22.7% of cases (n = 238) had CNS
infections, of which 42% were immunocompetent (163). Meanwhile, 44% of dissemi-
nated infections had CNS involvement (163). Similarly, 25.6% of transplant recipients
had CNS involvement (8). An estimated 38% of all CNS nocardiosis infections are pri-
mary infections rather than disseminated infections (163).

Symptoms and signs of CNS infection may include fever, headaches, meningismus
(209), seizures (5, 209), and neurologic deficits (5, 8). However, the absence of signs does
not exclude CNS involvement; 43.3% of transplant recipients had no neurological signs
or symptoms despite presence of CNS infection on imaging (8). Thus, radiological imag-
ing (e.g., CT, MRI) and collection of cerebrospinal fluid is important for any patient with
suspect nocardiosis, particularly immunocompromised patients (118, 209). In this popu-
lation, disease progression may be rapid (163); the abscesses can spread by extending
Nocardia spp. filaments (163). However, progression and onset of neurologic signs can
take years in immunocompetent patients (148). Differential diagnoses may include
malignancies (7, 209), vascular infarction, or other bacterial or fungal infections (7).

Extrapulmonary disease. Other extrapulmonary forms are reported in the literature,
which occur either via dissemination from primary cutaneous or pulmonary infection,
or direct inoculation (158).

Ocular infections. The eye can be affected with either a primary or disseminated
infection (163). Corneal lesions or keratitis can result from traumatic inoculation of the
eye, eye surgery, steroid use (13), or contamination of contact lenses (13, 210). Retinal
involvement is more often associated with disseminated disease (163). Corticosteroids
are frequently used as a treatment for bacterial keratitis and corneal ulcers but may
actually produce worse outcomes for nocardial infections (14).

Osteomyelitis and septic arthritis. Nocardial osteomyelitis has been recognized as
an unusual presentation since 1963, with the first culture-proven infection of the verte-
bral column (211). Osteomyelitis has since been described in the vertebra and appen-
dicular skeleton and are predominately disseminated from a primary infection site
(211-213). Most primary osteomyelitis cases are described in immunocompetent
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individuals following traumatic inoculation (194, 214-216), although 2 cases have been
reported in patients with HIV (217, 218).

Septic arthritis infected with Nocardia sp. has been reported infrequently, although
the first case was reported in the English literature in 1954 (219). Infections predomi-
nately affect the knee and are described shortly following total knee replacement (220,
221) or periprosthetic infection of the knee (155, 222). Two reports have described
nocardial septic arthritis of the knee joint following surgical repair of the anterior cruci-
ate ligament in immunocompetent patients (133, 134).

Colonization

Nocardia spp. may be isolated from the respiratory tract of patients that are asymp-
tomatic in pulmonary infections (6, 5, 7, 46, 152). In a retrospective study of 102 patient
isolates in Australia, 20% of isolates were not considered clinical infections but most
likely airway colonization (197). Nocardia spp. can be encountered in patients with
underlying structural diseases or functional abnormalities such as bronchiectasis and
cystic fibrosis (CF) (6, 5, 7, 46, 152). Some pathogenic bacterial species recovered from
the airways of CF patients are indisputably associated with lung infection; however,
the clinical relevance of unusual species such as nocardial infection has not been dem-
onstrated conclusively and remains uncertain (223). In a recent study, 6 isolates of
Nocardia spp. were the sole pathogen recovered and 7 isolates presented worsening
of pulmonary clinical signs (46). Treatment of some of these patients with cotrimoxa-
zole was started. Although the instigation of treatment remains uncertain at first isola-
tion, the potential pathogenicity of Nocardia spp. in CF patients with worsening signs
of infection should be considered carefully (46).

Mortality

The mortality rate ranges widely based on the form of disease, the immune status of
the patient, and the era of the publication (159). Most reviews focus on all-cause mortal-
ity rather than deaths definitively due to nocardiosis. Factors that are associated with
mortality include acute disease (108, 150, 158, 200), involvement of 2 or more organs
(108, 158, 163), severe immunosuppression (158), and greater disease severity (150).

Primary cutaneous disease without dissemination has the lowest risk of death (4).
Most individuals with primary cutaneous nocardiosis recover fully (3, 129, 130), although
there have been some cases in which primary cutaneous infection disseminates and
results in death (3). Patients with bacteremia have a mortality rate of ~50% (108), and
the rate among patients with disseminated infections range from 44% (163) to 85%
(158). CNS involvement, whether primary or secondary infection, has a poor prognosis
and mortality of almost 50% (6).

Underlying conditions are also associated with higher mortality rates. Patients with
malignancies have a mortality rate greater than 60% (111). Transplant recipients
reportedly have the worst outcomes compared to other immunocompromised and
immunocompetent patients (128). Of 47 transplant patients, fewer than 60% survived
at 12 months, while immunocompetent patients had a survival rate of greater than
90% (128). Another study reported a similarly high all-cause mortality rate of 37%
(149). Other studies report better survival outcomes of 82% (168) and 6-month survival
at 86% (114). Although transplant recipients are severely immunosuppressed and at
greater risk of mortality (224), patients with nocardiosis have poorer outcomes com-
pared to other transplant recipients, with a comparative mortality rate of 16.2% versus
1.3% (169). Finally, mortality may have decreased over time. Cases in the literature
before 1950 had a mortality rate of 70%, which dropped to 44% between 1950 and
1979, and to 26% between 1980 and 1994 (163).

Treatment

There are no standard recommendations for nocardiosis treatment. Treatment selec-
tion and duration must be customized to the patient based on the form and severity of
disease, underlying conditions, and antimicrobial susceptibility testing (6, 7). Antimicrobial
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susceptibility varies by Nocardia species, which were historically divided into groups based
on their susceptibility patterns to various antimicrobial classes (40, 225, 226). In vitro and
in vivo antimicrobial susceptibilities can be inconsistent (6, 7), and the organism can be fas-
tidious and outgrown by the presence of co-infecting bacteria (159). These factors can
make treatment selection challenging. Additionally, there has been some dispute regard-
ing resistance of trimethoprim sulfamethoxazole (TMP-SMX) (2, 147, 198), which is a first
line and widely used treatment for nocardiosis (7, 227). A large multi-center study from 6
laboratories in the United States did not find evidence of substantial resistance to TMP-
SMX (198).

Often only reference laboratories will perform susceptibility testing, which can fur-
ther delay appropriate treatment (147). However, if susceptibility testing is not avail-
able, the group antimicrobial susceptibility profiles could be used as a rough gauge to
determine treatment regimens (9, 225), although some of the groups have inconsistent
patterns for some drug classes (6, 225, 228). Empiric multidrug therapy is recom-
mended in patients with severe disease while awaiting susceptibility results, usually
consisting of broad spectrum antibiotics including carbapenems (imipenem or mero-
penem), TMP-SMX, amikacin, linezolid, or parenteral cephalosporins (i.e., ceftriaxone,
cefotaxime) (228, 229). Agents with low resistance profiles to Nocardia spp. (228, 230-
232) and high bioavailability are preferred, especially agents with good bioavailability
in the CNS if CNS involvement is suspected (7, 225, 228). TMP-SMX and linezolid are
both orally bioavailable and along with ceftriaxone are effective at treating CNS infec-
tions (228, 233); however, adverse events may be common especially at higher doses
or in vulnerable patients (114, 234-236).

Once the susceptibility results are known, the final treatment regimen should account
for antagonistic effects of antibiotics (e.g., linezolid and aminoglycosides) (236), concomi-
tant medications and potential drug-drug interactions, and adverse events (225, 228,
229). Monotherapy may be sufficient for non-severe cases while multidrug therapy
remains recommended for severe pulmonary, disseminated, and CNS infections (228,
229), with an emphasis on highly bactericidal agents with synergistic effects (233, 236).

Extended duration of treatment is recommended to prevent relapse (7), although
there is no set recommendation and depends on the patient’s comorbid conditions,
speed of clinical and radiographic improvements, and location and severity of disease
(229). Immunocompetent patients with uncomplicated infections will likely be cured with
shorter courses of antibiotics of 8 weeks or more (229); for example, one study found an
average treatment duration among patients with superficial cutaneous infections of 4
months (range 1 to 12 months) (129). Patients with pulmonary infections should receive 6
to 12 months of treatment, and patients with complicated or disseminated disease
should receive 9 to 12 months of antimicrobial treatment (7, 227, 229). A suggestion for
patients with CNS involvement is to treat with intravenous antimicrobials for 3 to 6 weeks
or more, with an additional year or more of oral antimicrobial treatment (229, 237).

Studies administering intravenous bactericidal antimicrobials followed by oral treat-
ment may suggest treatment of <6 months of primarily pulmonary infections could be
effective. A subset of 17 solid organ transplant patients that received <6 months of
treatment had a median treatment duration of 56 days (range: 24 to 120) with 15
(88.2%) cured at 1 year (234). A study among heart transplant patients found a similar
effect of 91.7% cured (11 of 12 patients) when intravenously administering 3 to 4 weeks
of bactericidal antimicrobials followed by 1 to 3 months of oral treatment with radio-
graphic evidence of improvement (236).

Antimicrobials alone may be insufficient for many patients. Surgical excision, incision,
and drainage or debridement may be required for cutaneous lesions (3, 130, 191, 238),
which may be performed serially (130, 238). Skin grafts may also be needed for wound
closure, particularly for necrotic lesions (3, 238). When a prosthetic joint is involved, revi-
sion, or one-stage replacement of the joint has been performed to remove infected tis-
sue and repair the prosthetic (155, 222).

Challenges to prompt and appropriate treatment include a limited availability of
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rapid diagnostics to differentiate between Nocardia species, Mycobacterium species,
and Actinomyces species; Nocardia spp. can have fastidious growth (4), may be over-
grown by other infecting organisms (159), and clinicians may not consider an infec-
tious etiology given similarity to some malignancies (5, 239). Additionally, treatment
guidelines have not been developed because of limited reporting on treatment with
new drugs, treatment failure and resistance, and lack of surveillance and reporting.
Controlled trials are needed to evaluate the effectiveness of quantity, dosing, and dura-
tion of antibiotics to improve cure rates and reduce adverse events.

Prevention

Nocardia spp. are ubiquitous in the soil, so there are few techniques to prevent infec-
tion (4). Since a majority of primary cutaneous infections reported a traumatic injury to the
skin (3, 129), covering skin or open wounds to avoid direct soil contact may prevent cuta-
neous nocardiosis. Wearing shoes may prevent actinomycetoma by preventing small inoc-
ulation injuries to the feet (4); however this has not been systematically examined (240).

TMP-SMX is given to immunocompromised individuals to prevent Pneumocystis
infection (5). Some authors have suggested that this use may provide ancillary protec-
tion against nocardiosis (108, 142, 241); however, infections concurrent with prophy-
lactic use (5, 168, 170) have led to dispute over its effectiveness for this purpose (169).

Disinfection of a ward following a nosocomial outbreak may be warranted to prevent
future infections (124, 140). Antimicrobial treatment of central venous catheters may pre-
vent the introduction of Nocardia spp. to an immunocompromised person via biofilm
growth (141). There are no other specific recommendations to prevent Nocardia spp.
nosocomial transmission. However, this may need further evaluation to determine the
clinical importance when Nocardia spp. are found in health care settings (126).

FUTURE RESEARCH NEEDS

There are several limitations in the existing literature that preclude providing an
accurate estimate of nocardiosis incidence, a generalizable description of persons at
risk and risk factors, or evaluation of geospatial associations of nocardiosis. Because no-
cardiosis is rare, prospective cohort studies are usually not feasible, and the logistics
and expense of multi-site studies can be challenging. These reasons likely drive the
popularity of facility-based retrospective studies using medical chart or record review
(5, 114, 118). Medical records could not be evaluated previously on a large scale for no-
cardiosis, such as using national hospitalization discharge databases (242), because no-
cardiosis was combined with other etiologic agents in the same code within the
International Classification of Diseases 9th revision-clinical modification (ICD-9-CM).
Nocardiosis was given a distinct diagnosis code in the 10th revision (ICD-10-CM) (243),
which went into effect on October 1, 2015 for all medical billing in the United States.

The use of population-level data, such as electronic medical records, may provide
generalizable descriptions of infections and risk factors. However, these data sources
will likely limit analyses to patients with more severe infections, to locales with national
or regional electronic medical records, and assume that the sensitivity of the clinical di-
agnosis is high. Additional research is needed to develop more rapid diagnostic assays
and treatment recommendations for nocardiosis, since the timeliness of current diag-
nostics can delay appropriate treatment.

CLINICAL DISEASE: ACTINOMYCETOMA

Mycetoma is a debilitating chronic granulomatous subcutaneous inflammatory dis-
ease. Characteristics include large painless tumor-like swellings and the formation of
sinuses with discharge that contains grains (187). The general description of the dis-
ease is mycetoma, however, the causative agents can be of bacterial or fungal origin
and include many different genera. Specific forms of the disease are referred to as
eumycetoma (fungal form) or actinomycetoma (bacterial form) (244). N. brasiliensis is
reportedly the most frequent nocardial etiology of mycetoma (3, 5); other commonly
attributed bacterial genera include Actonomadura and Streptomyces (245).
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TABLE 2 Key references for mycetoma

Clinical Microbiology Reviews

Topics First author and title

Reference

Establish as a neglected tropical disease;

Fahal AH. Mycetoma: the journey from neglect to recognition as a neglected tropical disease. 295

priorities and research needs Fahal AH. The Khartoum call for action Khartoum, Sudan —2019. 248
van de Sande WWJ. Closing the mycetoma knowledge gap. 249
Ziljstra EE. Mycetoma: A Long Journey from Neglect. 250
Case burden estimate Emery D. The global distribution of actinomycetoma and eumycetoma. 296
van de Sande WWJ. Global burden of human mycetoma: a systematic review and meta- 297
analysis.

Review Nenoff P. Eumycetoma and actinomycetoma-an update on causative agents, epidemiology, 187

pathogenesis, diagnostics and therapy.
Organizations and collaborations Davey G. Research capacity building with mycetoma as the central research challenge. 298
Traxler RM. Development of the Global Mycetoma Working Group. 299
Diagnostics Ahmed AA. Mycetoma laboratory diagnosis: Review article. 300
Bahar ME. Mycetoma imaging: the best practice. 301
Siddig EE. Actinomycetoma laboratory-based diagnosis: a mini-review 2021. 245
Interventions and control programs Bakhiet SM. A holistic approach to the mycetoma management. 302
Mitja O. Integrated Control and Management of Neglected Tropical Skin Diseases. 303
Roberto E. Mycetoma and the Community Dermatology Program, Mexico. 304
Prevention and control goals Fahal AH. The Khartoum call for action Khartoum, Sudan —2019. 248

WHO. Skin NTD road map.

251

Treatment of actinomycetoma cases may be improved by an emphasis on species

identification; however, there is still substantial need for at least a high-level differen-
tiation of mycetoma between fungal and bacterial etiology to focus treatment. A lack
of differentiation between eumycetoma and actinomycetoma can lead to unnecessary
amputations when antibiotic treatment can be effective, though amputation may be
warranted to remove appendages severely affected with actinomycetoma (3, 246).

Because much of the mycetoma literature is syndrome-focused and outside the nar-
row scope of this review, we have summarized key references by topic in Table 2. As a
relatively newly recognized neglected tropical disease (NTD) that primarily affects poor
and marginalized people, (247), international experts have convened to identify prior-
ities to address areas of neglect (248-250). Mycetoma has also been included in the
World Health Organization’s 2021 to 2030 road map for neglected tropical diseases
(251). We hope these actions will garner support and propel progress on identified
research priorities needed to combat mycetoma, including improved diagnostics and
access to care by those most affected by mycetoma.
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