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ABSTRACT 

Nocardiosis is a rare but life-threatening infection caused by aerobic Actinomycetes of the genus Nocardia partic-

ularly affecting immunocompromised hosts. The identification of Nocardia ssp. and antibiotic susceptibility test-

ing by standard microbiological methods are incomplete and molecular techniques may improve diagnostics. We 

studied 39 Nocardia strains isolated from 33 patients between 2000 and 2018. Twenty-four patients (72.7 %) were 

immunocompromised. Whole genome sequencing (WGS) revealed a broad taxonomic range of those isolates 

spanning 13 different species, including four strains that belonged to three novel species based on average nucle-

otide identity (ANI < 95 % with currently available genome sequences). 16S rRNA gene analyses mirrored WGS 

results. Conventional MALDI-TOF analysis correctly identified 29 isolates at the species level (74.4 %). Our ad-

vanced protocol with formic acid and acetonitrile treatment increased identification to 35 isolates (89.7 %). Anti-

biotic resistance was tested using both a microdilution method and MIC strip testing. Results were in good con-

cordance with an overall trimethoprim-sulfamethoxazole (SXT) resistance rate of 13.5 %. WGS of a SXT resistant 

N. farcinica isolate showed a deletion of several amino acids in a homolog of dihydropteroate synthase (FolP2) 

that was not seen in sensitive members of this species. Diversity of Nocardia isolates was high and involved many 

different species, suggesting that this taxon has broadly distributed mechanisms for infecting individuals. Widely 

applicable diagnostic methods including MALDI-TOF and 16S rRNA gene analyses correctly identified most 

strains. WGS additionally revealed molecular insights into SXT resistance mechanisms of clinical Nocardia iso-

lates highlighting the potential application of (meta)genomic-based diagnostics in the future. 
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INTRODUCTION 

Nocardia are gram-positive, partially 

acid-fast aerobic rods belonging to the order 

of Actinomycetales. They occur ubiquitously 

in soil and in wet biotopes and are considered 

as opportunistic pathogens that cause life-

threatening infections, particularly in immun-

ocompromised hosts (Mehta and Shamoo, 

2020). In recent studies, an increase of nocar-

diosis in non-immunocompromised hosts, es-

pecially bronchiectasis patients, has been de-

scribed (Ambrosioni et al., 2010; Woodworth 

et al., 2017; Restrepo and Clark, 2019). Inha-

lation of Nocardia is considered as the main 

route of infection. Therefore, nocardiosis pri-

marily manifests in the lung, but extrapulmo-

nary dissemination into other organ systems 

(e.g. the central nervous system) is possible as 

well.  

Microbiological detection of Nocardia is 

challenging, because Nocardia spp. from res-

piratory specimens often grow very slowly 

and require selective culture media. Due to 

their slow growth, it usually lasts several days 

until Nocardia are identified, and up to five 

additional days for antibiotic susceptibility 

testing to be finished (Du et al., 2016). In the 

recent past, several methods for identification 

of cultivated Nocardia have been proposed, 

including molecular methods such as Multi-

locus Sequence Typing (MLST) (Baio et al., 

2013; Du et al., 2016) and 16S rRNA gene se-

quencing (Helal et al., 2011), as well as mass 

spectrometry-based methods (MALDI-TOF) 

(Girard et al., 2017; Marín et al., 2018) 

MALDI-TOF is a rapid and cost-efficient 

method for identification of cultured bacteria; 

however, the utility heavily relies on the 

availability of well-developed and validated 

databases (Body et al., 2018). Therapy of no-

cardiosis is based on long-term antimicrobial 

treatment using trimethoprim-sulfamethoxa-

zole (SXT) or combinations of other antibiot-

ics for 6 – 12 months (Restrepo and Clark, 

2019). Due to increasing resistance rates 

against SXT (Uhde et al., 2010) treatment be-

comes increasingly challenging. 

In the present study, we characterized No-

cardia strains isolated from 2000-2018 in a 

tertiary care university hospital based on 

whole genome sequencing (WGS). Addition-

ally, applicability of routinely available tech-

niques, including 16S rRNA gene analysis 

and an improved MALDI-TOF protocol, for 

the identification of Nocardia species and the 

determination of antibiotic susceptibility, in 

particular for SXT resistance, was assessed. 

Results were compared with traditional cul-

ture-based methods. 

 

MATERIALS AND METHODS  

Collection of Nocardia strains 

The Hannover Medical School - a 1,500-

bed university hospital in northern Germany 

is a large transplantation center with > 400 

solid organ transplantations (> 140 lung trans-

plantations) per year. We included Nocardia 

spp. strains from patient specimens that were 

collected between the years 2000 and 2018.  

Orthologous strains, which were cultured 

from the same patient within one month, were 

excluded from further analysis. Strains col-

lected from patients without informed consent 

were also excluded (n = 11). One further 

strain could not be re-cultured after freezing. 

The study was approved by the local ethics 

committee (No. 8504_BO_K_2019).  

 

DNA Extraction and whole genome  

sequencing 

Eight Nocardia strains (P01_1, P02_1, 

P03_1, P19_1, P21_1, P22_1, P23_1, and 

P32_5) were cultured in Brain-Heart-Infusion 

(BHI) supplemented with Vitox (Oxoid, 

Wesel, Germany). The remaining strains were 

cultured in LB-broth (Lennox; Becton Dick-

inson, Heidelberg, Germany) with 0.05 % 

Tween20 (AppliChem, Darmstadt, Ger-

many). One ml from the overnight cultures 

was transferred to 20 ml BHI or LB/Tween20 

and incubated for 1-3 days. Two ml of this 

culture was centrifuged, washed twice with 

NaCl (0.9 %), resuspended in 500 µl NaCl 

(0.9 %) and stored at -20 °C until DNA prep-

aration. DNA preparation was performed with 
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0.1 mm silica beads and with phenole-chloro-

form-isoamylalcohol (24:25:1) extraction. Li-

brary preparation was done with Nextera XT 

DNA preparation kit (Illumina, San Diego, 

USA) according to manufacturer’s manual 

with slight modifications: DNA input was in-

creased to 1.5 ng, tagmentation time was ex-

tended to 5 min 35 sec and final elution vol-

ume was decreased to 35 µl. Quality control 

was performed with D5000HS (HighSensitiv-

ity) screen tapes on the 4200 TapeStation sys-

tem (Agilent, Santa Clara, USA). DNA con-

centrations were determined with the Qubit 

dsDNA HighSensitivity assay (Thermo 

Fisher Scientific, Dreieich, Germany). Librar-

ies were diluted to 4 nM and 5 µl of each 

strain were pooled. Libraries were pooled 

equimolar to three pools according to the ex-

pected genome size (< 7 Mbp, 7–8.5 Mbp, 

> 9.5 Mbp) and sequenced with an approxi-

mated coverage of 120 on an Illumina Se-

quencer (MiSeq v3).  

 

Bioinformatic processing 

Raw reads were quality filtered via fastp 

(Chen et al., 2018), assembled using SPAdes 

(Bankevich et al., 2012) and quality checked 

(completeness/contamination) using CheckM 

(Parks et al., 2015). Subsequent gene calling 

was performed with prokka (Seemann, 2014) 

and the Average Nucleotide Identity (ANI) 

including all available Nocardia reference ge-

nomes (n = 157) at the Genome Taxonomy 

Database (GTDB) was calculated using fas-

tANI (Jain et al., 2018). A dendrogram in-

cluding all isolates, all closest matching refer-

ences, as well as all representative genomes 

of individual Nocardia species was calculated 

in R with ggtree (Yu et al., 2017). Two refer-

ence strains purchased from the DSMZ (Ger-

man Collection of Microorganisms, Braun-

schweig, Germany), N. lasii DSM 100525 

and N. wallacei DSM 45136, were included 

as well. The 16S rRNA gene sequences of all 

isolates and references were deduced from 

prokka results and a phylogenetic tree includ-

ing the same genomes from above was calcu-

lated with fasttree (Price et al., 2010). 

MALDI-TOF identification 

Nocardia strains were incubated for 24–

72 hours on Columbia blood agar (Becton 

Dickinson, Heidelberg, Germany) until colo-

nies were visible. For MALDI-TOF-based 

identification, we used two different proto-

cols. (I) A bacterial colony was spotted onto a 

polished steel MALDI-TOF target plate. 

Samples were overlaid with 0.5 µl of formic 

acid (BioMérieux, Nuertingen, Germany) 

and, once dried, 1 µl of matrix (CHCA, alpha-

cyano-4-hydroxy-cinnamic acid) was added. 

(II) A bacterial colony was suspended in 10 μl 

of 70 % formic acid and subsequently in 10 μl 

of pure acetonitrile. After a centrifugation 

step of 2 minutes at 14,000 x g, 1 µl of the 

supernatant was spotted onto the MALDI-

TOF target plate. Once dried, 1 µl of matrix 

(CHCA, alpha-cyano-4-hydroxy-cinnamic 

acid) was added. All isolates were analyzed in 

duplicates.  

 

Antibiotic susceptibility testing 

For culture-based antibiotic susceptibility 

testing, we compared two methods. For both 

methods we used N. nova ATCC BAA-2227 

as control strain. Nocardia strains were incu-

bated for 24–72 hours on Columbia blood 

agar (Becton Dickinson, Heidelberg, Ger-

many) until growth was visible. (I) According 

to the CLSI M62 performance standards of 

susceptibility testing, we performed a micro-

dilution method using Sensititre™ Myco 

RAPMYCO AST-Plate (Thermo Fisher Sci-

entific). According to the manufacturer’s in-

structions, Nocardia were suspended in de-

mineralized water (McFarland 0.5). Fifty µl 

of the suspension was transferred to cation ad-

justed Mueller-Hinton broth with TES 

(Thermo Fisher Scientific). One hundred µl of 

the suspension was transferred to each well of 

the microtiter plate. MICs were determined 

visually after 48 h–72 h until bacterial growth 

was visible. (II) Nocardia were suspended in 

demineralized water (McFarland 0.5). A ster-

ile cotton swab was dipped into the inoculum 

suspension and the inoculum was spread over 

the entire surface of the Mueller-Hinton agar 

plate (Oxoid) by swabbing in three directions. 
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MIC Test strips (bestbion dx, Cologne, Ger-

many) were applied firmly on the plate. MICs 

were determined visually after 48 h–72 h 

when bacterial growth was visible. 

Very major errors were defined as ob-

served resistance via microdilution test where 

MIC test stripe revealed a sensitive result. 

Major errors were defined as sensitive micro-

dilution test result whereas MIC test stripe re-

vealed a resistant result. Minor errors were 

defined as discrepancies of more than one ti-

tration step between both methods, but both 

methods showed the same categorical result 

(resistant / intermediate / susceptible). 

 

RESULTS  

Baseline characteristics of nocardiosis  

patients 

33 nocardiosis patients were included in 

this study (Table 1). The median age was 46 

years and 25 patients (76 %) were immuno-

compromised. The main reason for immuno-

suppression was lung transplantation (16 pa-

tients, 49 %). Six patients (18 %) had other 

solid organ transplantations and two patients 

(6 %) had a hematologic stem cell transplan-

tation. The median time interval between 

transplantation and diagnosis of nocardiosis 

was 13.5 months (range 1–121 months). 

Twenty-two patients (67 %) had a chronic 

lung disease, of these five patients (15 %) had 

cystic fibrosis and two patients (6 %) had 

bronchiectasis. Three patients (9 %) did not 

have any known risk factors for nocardiosis. 

We did not see an increasing or decreasing in-

cidence over time and cultured isolated 1–8 

Nocardia strains from patient specimens per 

year. Twenty-five patients (76 %) had a pul-

monary nocardiosis. Two of these patients 

(6 %; P19 and P26) remained culturally posi-

tive in follow-up samples that were taken 

three months after the first positive culture, 

and one lung transplanted patient (P32) re-

mained positive for five years.  

 

Table 1: Baseline characteristics of Nocardiosis 
patients (n=33). SOT = solid organ transplantation; 
HSCT = hematologic stem cell transplantation 

Age 
 

Median (yr) 46 

Range (yr) 5 - 67 

Female sex - no. (%) 19 (58) 

Immunosuppression - no. (%) 25 (76) 

Chronic lung disease - no. (%) 22 (67) 

Bronchiectasis - no. (%) 2 (6) 

Cystic fibrosis - no. (%) 5 (15) 

Lung transplantation - no. (%) 16 (49) 

other SOT - no. (%) 6 (18) 

HSCT - no. (%) 2 (6) 

Time between transplantation and diagnosis of 
nocardiosis (month) 

Median 13.5 

Range 1 - 121 

 

 

Phylogeny of Nocardia isolates and  

reference strains 

Figure 1 gives an overview of phyloge-

netic relation of Nocardia strains isolated in 

this study along publicly available Nocardia 

genomes. In total, the Genome Taxonomy 

Database (GTDB), which is an effort to pro-

vide up-to-date taxonomy of bacteria based 

on their phylogenetic relations on the genome 

level, counts 157 Nocardia genomes that are 

clustered into 92 species (Parks et al., 2020). 

Based on GTDB N. cyriacigeorgica, N. 

brasiliensis and N. nova do not represent sin-

gle species, but comprise three ANI species 

clusters each (Figure 1). The two strains from 

the German Collection of Microorganisms 

(DSMZ) sequenced in this study, namely, N. 

lasii (DSM 100525) and N. wallacei (DSM 

45136), represent additional species, where 

no genome sequences have been available so 

far (Figure 1). Our patient isolates clustered 

across the entire tree spanning a wide phylo-

genetic range. In total, 13 different species 

were identified based on Average Nucleotide 

Identity (ANI) cut-off values of < 95  %. Two 

closely related strains isolated from two pa-

tients (P21_1 and P22_1) did not have any 

close references. The ANI of two further 

strains, P02_1 and P23_1, was also below 

95  % with the closest relatives, i.e., N. ama-

 



EXCLI Journal 2021;20:851-862 – ISSN 1611-2156 

Received: April 18, 2021, accepted: April 22, 2021, published: April 30, 2021 

 

 

855 

Figure 1: Dendrogram 
based on Average Nucle-
otide Identities (ANI) be-
tween all isolates of this 
study (blue) and Nocardia 
reference genomes of the 
Genome Taxonomy Da-
tabase (GTDB), where all 
closest matching refer-
ences as well as all repre-
sentative genomes of in-
dividual species (high-
lighted with a dot at the 
tip) were included. The 
two references from the 
German Collection of Mi-
croorganisms (DSMZ) se-
quenced in this study are 
shown in blue. The red 
line depicts the ANI cut-
off value of 95 % that is 
suggested to represent 
the species cut-off. 
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miensis and N. neocaledoniensis, respec-

tively (Figure 1). Thus, based on the ge-

nome phylogeny, those four strains can be 

considered as belonging to three novel No-

cardia species. 

Most Nocardia species, e.g. N. farcinica 

(n=8), N. cyriacigeorgica (n=6) and N. vet-

erana (n=3), were cultured from respiratory 

specimens, whereas a few others, e.g., N. 

brasiliensis (n=2), were only cultured from 

non-respiratory specimens. Strains P22_1 

and P23_1 belonging to an unknown spe-

cies were isolated from a cystic fibrosis pa-

tient, who developed a pleura empyema one 

month after lung transplantation, and from 

an intraabdominal specimen from a differ-

ent patient. A detailed summary of all 

strains with their site of infection can be 

found in Supplementary Table 1. 

 

Species identification of Nocardia strains 

based on low-cost, high-throughput  

techniques 

We assessed the applicability of two 

MALDI-TOF protocols ((I), standard proto-

col with formic acid of bacterial colonies on 

the MALDI-TOF target plate and (II), im-

proved protocol with formic acid and ace-

tonitrile incubation of colonies before pipet-

ting on the MALDI-TOF target plate) for 

species identification (Table 2). Most spe-

cies, i.e. N. farcinica as the most common 

species, were identified to the species level 

using the standard (I) and the advanced pro-

tocol (II). Others, namely, N. nova and N. 

wallacei, were better identified using proto-

col (II). Overall, both protocols correctly 

identified 29 (74.4 %) and 35 (89.7 %) No-

cardia strains to the species level, respec-

tively. One strain (P02_1) belonging to a 

novel Nocardia species which is closely re-

lated to N. amamiensis was misidentified by 

both protocols as N. abscessus. Another 

novel Nocardia species (P23_1) was identi-

fied as the closest relative, N. neocaledo-

niensis. Two strains belonging to another 

novel species (P21_1 and P22_1) could not 

be identified via MALDI-TOF. 

Results based on 16S rRNA gene anal-

ysis were mirroring those derived from 

WGS, where the same closest references to 

individual isolates were detected (Supple-

mentary Figure 1). In accordance with 

WGS, 16S rRNA genes of strains P21_1 

and P22_1 did cluster separately reflecting 

a novel species; in case of P02_1 and 

P23_1, sequences were closely related to 

those from N. amamiensis and N. neocal-

edoniensis, respectively. 

 
 

Table 2: Comparison of MALDI-TOF-based identification protocols. The reference method was whole 
genome-based ANI values. No ID is defined as no identification to the species level. 

 
MALDI-TOF protocol (I) MALDI-TOF protocol (II) 

  correct 
ID [n 
(%)] 

wrong 
ID [n 
(%)] 

no ID 
[n (%)] 

correct 
ID [n 
(%)] 

wrong 
ID [n 
(%)] 

no ID 
[n (%)] 

N. farcinica 11 (100) 0 (0) 0 (0) 11 (100) 0 (0) 0 (0) 

N. cyriacigeorgica 6 (86) 0 (0) 1 (14) 7 (100) 0(0) 0 (0) 

N. nova 1 (25) 0 (0) 3 (75) 4 (100) 0(0) 0 (0) 

N. veterana 3 (100) 0(0) 0 (0) 3 (100) 0(0) 0 (0) 

N. wallacei 4 (67) 0 (0) 2 (33) 6 (100) 0(0) 0 (0) 

N. brasiliensis 2 (100) 0 (0) 0 (0) 2 (100) 0 (0) 0 (0) 

Nocardia sp. with close relation-
ship to N. salmonicida 

0 (0) 0 (0) 2 (100) 0 (0) 0 (0) 2 (100) 

N. abscessus 1 (100) 0 (0) 0 (0) 1 (100) 0 (0) 0 (0) 

Nocardia sp. with close relation-
ship to N. amamiensis 

0 (0) 1 (100) 0 (0) 0 (0) 1 (100) 0 (0) 

Nocardia sp. with close relation-
ship to N. neocaledoniensis 

0 (0) 1 (100) 0 (0) 0 (0) 1 (100) 0 (0) 

N. otitidiscaviarum 1 (100) 0 (0) 0 (0) 1 (100) 0 (0) 0 (0) 

Overall 29 (74) 2 (5) 8 (21) 35 (90) 2 (5) 2 (5) 
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Antibiotic susceptibility testing 

Results of microdilution-based antibiotic 

susceptibility testing of 37 patient strains are 

reported in Table 3. Overall, we did not detect 

any linezolid (LZD) resistant strains. Except 

for N. wallacei, which has an intrinsically re-

duced amikacin (AMK) susceptibility, we did 

not detect any other AMK resistant strains. 

The overall SXT resistance rate was 13.5 %. 

P21_1 and P22_1 that represent a novel 

Nocardia species did not grow in liquid cul-

ture media. One of these strains (P21_1) 

showed sufficient growth on solid culture me-

dia and we were, hence, able to perform E-

test. The strain was tested susceptible for SXT 

(minimal inhibitory concentration (MIC) 2 

mg/L), moxifloxacin (MXF) (MIC 0.25 

mg/L), AMK (MIC 0.5 mg/L) and LZD (MIC 

2 mg/L). 

Furthermore, we compared microdilu-

tion-based susceptibility testing with MIC test 

strips for some therapeutically relevant anti-

biotics (SXT, MXF, AMK, and LZD). Ac-

cording to the CLSI recommendations, micro-

dilution is the gold standard for antibiotic sus-

ceptibility testing; however, the broadly avail-

able MIC test strips could be an easy to im-

plement method for antibiotic susceptibility 

testing. For both methods, we used N. nova 

ATCC BAA-2227 as the control strain. MIC 

values of the control strain were determined 

within the expected ranges with both meth-

ods. Twenty-six patient strains showed good 

growth on both solid culture media (for MIC 

strip tests) and liquid culture media (for mi-

crodilution). We did not detect any very major 

or major errors, while 8 (31 %), 4 (15 %), 1 

(4 %) and 4 (15 %) minor errors for SXT, 

MXF, AMK and LZD, respectively, were rec-

orded. 

 

Molecular analysis of antibiotic resistance 

We used the CLC Genomics Workbench 

to BLAST the assembled Nocardia genomes 

against different resistance databases (CARD 

and QIAGEN Microbial Insights AR). Poten-

tially relevant resistance mechanisms were 

detected in two Nocardia strains: (I) detection 

of dfrC (target replacement) in an N. veterana 

strain (P29_1), which leads to SXT resistance. 

This strain was also tested SXT resistant by 

microdilution. (II) Detection of dfrC and 

norA (efflux pump, which leads to chinolone 

resistance) in one N. cyriacigeorgica strain 

(P11_1). This strain was tested resistant 

against MOX, but sensitive against SXT. 

Other resistance mechanisms were not de-

tected via this approach. 

We looked into SXT resistance in more 

detail, as this is one of the most commonly 

used antibiotics in the treatment of nocardio-

sis. The SXT resistant N. farcinica isolate 

(P15_1) was compared with the remaining ten 

N. farcinica strains that were all SXT suscep-

tible. Several enzymes are involved in the 

bacterial purine synthesis, which are inhibited 

by SXT. Dihydropteroate synthase (DHPS/ 

FolP) is inhibited by sulfamethoxazole, 

whereas dihydrofolate reductase (DHFR/ 

FolA) is blocked by trimethoprim. A third en-

zyme that might be crucial for purine synthe-

sis was annotated as “inactive” homolog of 

FolP (FolP2) for all 11 strains. We did not 

find any mutations or deletions in SXT re-

sistant and susceptible strains for FolP or 

FolA. However, isolate P15_1 showed a dele-

tion of 23 amino acids (positions 129–151) in 

the “inactive” enzyme FolP2 that was absent 

in susceptible strains, most probably explain-

ing resistance of this strain (Figure 2). 

 

DISCUSSION 

Nocardiosis is a rare, but life-threatening 

disease and microbiological diagnostics are 

challenging. In our study, we described the 

epidemiology of nocardiosis in a tertiary care 

center in Germany with more than 140 lung 

transplantations per year. In contrast to data 

from the US (Woodworth et al., 2017), we did 

not see an increasing incidence of nocardiosis 

in the study period from 2000 to 2018, which 

is in accordance with other reports from Ger-

many and Western Europe (Ott et al., 2019; 

Ercibengoa et al., 2020). For robust subgroup 

analysis of disease incidence, the total patient 

number was too low in our study. 
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Table 3: Antibiotic susceptibility testing results of patient strains based on microdilution (n=37). Resistance rates: n (resistant) (%) 
 

SXT LZD AMK TOB CIP MOX IMI AUG2 AXO CLA DOX MIN 

N. farcinica (n=11) 1 (9) 0 (0) 0 (0) 5 (46) 10 (91) 3 (27) 2 (18) 8 (73) 2 (18) 11 (100) 6 (55) 5 (46) 

N. cyriacigeorgica (n=7) 0 (0) 0 (0) 0 (0) 6 (86) 7 (100) 7 (100) 1 (14) 3 (43) 3 (43) 6 (86) 7 (100) 6 (86) 

N. wallacei (n=6) 2 (33) 0 (0) 5 (83) 3 (50) 5 (83) 5 (83) 6 (100) 4 (67) 2 (33) 5 (83) 5 (83) 4 (67) 

N. nova (n=4) 0 (0) 0 (0) 0 (0) 3 (75) 2 (50) 4 (100) 2 (50) 1 (25) 2 (50) 1 (25) 2 (50) 2 (50) 

N. veterana (n=3) 2 (67) 0 (0) 0 (0) 2 (67) 3 (100) 3 (100) 0 (0) 0 (0) 2 (67) 0 (0) 2 (67) 2 (67) 

other Nocardia spp. 
(n=6) 

0 (0) 0 (0) 0 (0) 4 (67) 5 (83) 2 (33) 6 (100) 3 (50) 4 (67) 4 (67) 5 (83) 5 (83) 

 
 

 

Figure 2: Multiple sequence alignment of the “inactive” FolP2 protein sequences from eleven N. farcinica isolates. Isolate P15_1 showed a phenotypic trimethoprim-
sulfamethoxazole (SXT) resistance, whereas all other isolates depicted were SXT susceptible. 
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There are incongruent results regarding 

the time point of diagnosis post transplanta-

tion. The median time between organ trans-

plantation and first diagnosis of nocardiosis in 

our study was 13.5 month. Our findings are in 

contrast to Peleg et al. (2007), who describe 

that the majority of SOT patients received the 

diagnosis of nocardiosis within one year after 

transplantation. However, also others (Santos 

et al., 2011) described that the majority of 

SOT patients developed nocardiosis more 

than one year after transplantation, which is in 

line with our findings and highlight the im-

portance of Nocardia specific diagnostics in 

this patient group over a long time post trans-

plantation. 

The distribution of Nocardia isolates was 

very broad and included many different spe-

cies, suggesting that potentially any member 

of this genus can be considered as an (oppor-

tunistic) pathogen and the possibility of infec-

tion is not restricted to a few specific species. 

Interestingly, taxonomic affiliation differed 

between strains isolated from pulmonary and 

extra-pulmonary sites, in particular for N. 

brasiliensis that was only cultured from non-

respiratory specimens of two immunocompe-

tent patients. This observation is in line with 

case reports describing N. brasiliensis as a 

cause of non-pulmonary nocardiosis in immu-

nocompetent patients (Zhu et al., 2020; Chen 

et al., 2020). Furthermore, we describe the 

first isolations of three novel Nocardia spp. 

from patient specimens, where specifically 

strains P21_1 and P22_1 lacked any close ref-

erence. Unfortunately, these strains did not 

grow in Mueller-Hinton broth with TES and 

therefore we were unable to generate micro-

dilution-based antibiotic susceptibility re-

sults. However, one strain (P21_1) showed 

sufficient growth on solid culture media and 

we were able to generate MIC strip test-based 

results. These results showed that the most 

commonly used antibiotics for the treatment 

of nocardiosis, SXT, LZD or MXF, were ac-

tive on this strain. 

Both high-throughput identification meth-

ods tested here, MALDI-TOF and 16S rRNA 

gene analysis, were evaluated as effective for 

the identification of Nocardia strains and 

showed good accordance with WGS results. 

Data derived from MALDI-TOF considera-

bly improved using the advanced protocol es-

tablished with formic acid and acetonitrile. 

This is in line with the findings of Marín et 

al., who described MALDI-TOF as a good 

tool for species identification of Nocardia 

(Marín et al., 2018). They applied a similar 

MALDI-TOF protocol using, however, an-

other MALDI-TOF manufacturer (Bruker) 

and a different database. Additionally, Body 

et al., used the Vitek-MS MALDI-TOF sys-

tem with the IVD 3.0 database (Body et al., 

2018). They identified 236 (76 %) of their 

Nocardia strains (n=312) down to species 

level and an additional 44 (14 %) strains at the 

complex level. With up to 90 % correct spe-

cies identification rates, the Saramis database 

used in our study revealed better identifica-

tion results, however, it represents an open re-

search use only database and results have to 

be interpreted with caution. 16S rRNA gene 

analysis results were mirroring those derived 

from WGS, indicating that 16S rRNA-based 

identification is a useful tool for Nocardia 

species identification. Both methods are 

broadly available in diagnostic microbiology 

laboratories and cost effective, making more 

advanced molecular methods like MLST or 

WGS not essential for correct strain identifi-

cation in a routine diagnostic laboratory. 

However, for rare species or, as shown here, 

for novel species that are not included in the 

MALDI-TOF database or in the 16S rRNA 

reference database molecular analysis based 

on WGS is helpful for correct species identi-

fication. Two closely related isolates (P21_1 

and P22_1) were not phylogenetically close to 

any publicly available reference genome, and 

an additional two strains, P02_1 and P23_1, 

displayed ANI values of > 93 % and < 95 % 

to the closest references, which is below the 

currently accepted ANI species cut-off of 

95 % (Chun et al., 2018). However, values in 

particular of the latter two were close to this 

cut-off, and 16S rRNA gene analysis classi-

fied them as their closest references, while 
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MALDI-TOF misidentified strain P02_1. Ad-

ditional analyses, including biochemical test-

ing, are needed to decide whether they truly 

belong to novel species. 

Currently, it is controversially discussed 

whether antibiotic susceptibility testing via 

MIC strip tests is a reliable technique in com-

parison to the gold standard microdilution to 

determine antibiotic resistance of Nocardia 

spp. (Biehle et al., 1994; Ambaye et al., 

1997). In our study, 26 different Nocardia 

strains from patient specimens were available 

for comparative testing via both methods. We 

did not find major or very major errors com-

paring these two methods. However, we 

found minor errors with MIC discrepancies of 

more than one titration step for SXT, MXF 

and LZD. These discrepancies did not lead to 

a differing categorization as susceptible, in-

termediate or resistant. Thus, MIC strip tests 

might be a suitable alternative for broth mi-

crodilution-based testing, at least when mi-

crodilution techniques are not applicable. 

Molecular mechanisms of antibiotic re-

sistances for Nocardia are poorly understood 

and resistance databases such as CARD do, 

currently, not include specific resistance 

mechanisms of Nocardia (McArthur et al., 

2013). Therefore, it is not surprising that these 

databases were not suitable for molecular an-

tibiotic resistance detection in our study. We 

looked further into possible mechanisms of 

SXT resistance, as this is one of the first line 

antibiotics for the treatment of nocardiosis. In 

a previous study, Valdezate et al. (2015) ana-

lyzed different Nocardia spp. exhibiting SXT 

resistance by targeted amplification of genes 

that are involved in the folate biosynthesis 

pathway. They found mutation in both dihy-

drofolate reductase (DHFR) and dihydrop-

teroate synthase (DHPS) causing SXT re-

sistance; however, they suggested that there 

might be additional resistance mechanisms. In 

a recent study, Mehta et al. (2018) described 

different mechanisms of SXT resistance for 

N. cyriacigeorgica and N. nova. They adapted 

these strains to SXT to analyze the evolution 

of SXT resistance. The observed resistance 

mechanisms were based on mutations and/or 

deletions in three enzymes that are involved 

in the bacterial purine synthesis, namely, 

FolA, FolP and “inactive” FolP2. Based on 

these observations, we analyzed another com-

mon species, N. farcinica, and identified a de-

letion of several amino acids in FolP2 in the 

resistant strain, while the other two enzymes 

FolA and FolP were unaffected on the se-

quence level. The resistance mechanism was 

detected in a clinical patient derived strain 

demonstrating that this mechanism may also 

play an important role in vivo, and involves 

distinct Nocardia species. Our observation 

underlines previous findings (Mehta et al., 

2018) that besides FolA and FolP, FolP2 

seems to be crucial for sulfamethoxazole 

mechanism of action and that FolP2 does not 

seem to be inactive (as annotated by prokka) 

in wild-type strains. The sequence-based ap-

proach applied here for inferring antibiotic re-

sistance demonstrates the potential for gather-

ing functional, clinically relevant data at the 

DNA level. Metagenomic analyses of sam-

ples obtained from patients might, hence, be a 

powerful tool for not only assigning species 

names, but additionally predicting their anti-

biotic resistance in silico, thereby circumvent-

ing the need for the tedious cultivation of re-

spective bacteria. 
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