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Abstract: The genus Corynebacterium is frequently found in the female urinary microbiome (FUM).
In-depth characterization of Corynebacterium at the species level has been barely exploited. During
ongoing FUM research studies, eight strains (c8Ua_144T, c8Ua_172T, c8Ua_174T, c8Ua_181T, c9Ua_112T,
c19Ua_109T, c19Ua_121T, and c21Ua_68T) isolated from urine samples of healthy women or diagnosed
with overactive bladder could not be allocated to any valid Corynebacterium species. In this work, we
aimed to characterize these strains based on a polyphasic approach. The strains were Gram stain positive,
rod to coccoid shaped, nonmotile, catalase positive, and oxidase negative. Phylogenetic analysis based
on 16S rRNA and rpoB gene sequences indicated that all strains belonged to the genus Corynebacterium.
The average nucleotide identity and digital DNA–DNA hybridization values among the genomes of the
above eight strains and closely related type strains of the Corynebacterium genus were <95 (74.1%–93.9%)
and <70% (22.2%–56.5%), respectively. Mycolic acids were identified in all strains. MK-8(H2) and/or
MK-9(H2) were identified as the major menaquinones. The polar lipids’ pattern mostly consisted
of diphosphatidylglycerol, phosphatidylglycerol, and glycophospholipids. The major fatty acid was
C18:1ω9c. Corynebacterium lehmanniae (c8Ua_144T = DSM 113405T = CCP 74T), Corynebacterium meitnerae
(c8Ua_172T = DSM 113406T = CCP 75T), Corynebacterium evansiae (c8Ua_174T = DSM 113407T = CCP
76T), Corynebacterium curieae (c8Ua_181T = DSM 113408T = CCP 77T), Corynebacterium macclintockiae
(c9Ua_112T = DSM 113409T = CCP 78T), Corynebacterium hesseae (c19Ua_109T = DSM 113410T= CCP
79T), Corynebacterium marquesiae (c19Ua_121T = DSM 113411T = CCP 80T), and Corynebacterium yonathiae
(c21Ua_68T = DSM 113412T = CCP 81T) are proposed. This study evidenced that commonly used
methodologies on FUM research presented limited resolution for discriminating Corynebacterium at the
species level. Future research studying the biological mechanisms of the new Corynebacterium species
here described may shed light on their possible beneficial role for healthy FUM.

Keywords: Corynebacterium; genome; 16S rRNA gene; rpoB; MALDI-TOF MS; female urinary microbiome

1. Introduction

The genus Corynebacterium, belonging to the family Corynebacteriaceae and phylum
Actinobacteria, was proposed by Lehmann and Neumann in 1896 [1]. Currently, the genus
includes 140 species with validly published and correct names under the International
Code of Nomenclature of Prokaryotes (https://lpsn.dsmz.de/genus/corynebacterium,
accessed on 1 January 2023).

Species of the genus Corynebacterium are considered inhabitants of human and animal
skin and mucous membranes, and can be found in diverse environmental habitats (e.g.,
water, soil, and sewage) [2,3]. Nevertheless, some members are increasingly recognized
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as opportunistic pathogens, being associated with various infections, including urinary
tract, soft tissue, central line, and orthopedic infections, as well as bacteremia, pneumonia,
septicemia, endocarditis, and meningitis [4–7].

Recently, Corynebacterium has been identified as a frequent and prevalent genus
within the healthy and dysbiotic female urinary microbiome, including overactive bladder
(OAB) [8–11]. However, detailed characterization at the species level of Corynebacterium
has not been addressed, hampering the diversity and potential role of Corynebacterium in
the healthy and dysbiotic urinary microbiome. During an ongoing project on the female
urinary microbiome (FUM) conducted in our research laboratory [9], eight strains repre-
senting putative new species of the Corynebacterium genus were found. In this study, we
aim to characterize and describe these new species that compose the urinary microbiota of
healthy women and female patients diagnosed with OAB based on a polyphasic approach.

2. Materials and Methods
2.1. Participants and Sample Collection

Urine samples were collected from 20 reproductive-aged women and 6 female patients
diagnosed with OAB (pre- and postmenopausal women) (2016–2018) [12]. All healthy
women followed strict criteria: no pregnancy, no symptoms or diagnosis of current urinary
tract infections, and no antibiotic exposure in the previous month. Considering physiolog-
ical changes ongoing within the female genital tract during the menstrual cycle and the
possibility that it could influence the composition of the urinary microbiome, samples were
always collected in the same phase of the menstrual cycle (third week).

All women with OAB symptoms, assessed with the Overactive Bladder Symptom
Score [13], followed strict criteria: no current UTI (based on urinalysis and standard urine
culture), no antibiotic exposure in the past 4 weeks, no pregnancy, and no history of pelvic
radiotherapy, bladder tumor, urolithiasis, and neurogenic voiding dysfunction.

Each participant provided a first-morning midstream voided urine sample by a self-
performed noninvasive procedure via 40 mL sterile containers.

2.2. Culture Conditions and Strain Isolation

Urine samples were processed, up to 2 h after collection, as previously described [10].
Briefly, 100 µL of urine samples were inoculated on Columbia agar with 5% sheep blood
((BAP) Biogerm, Moreira, Portugal) and HiCrome UTI agar (chromogenic agar plates
(CAP), HiMedia, India). Colonies were selected after 48 h at 37 ◦C under aerobic and
microaerophilic conditions (BAP and CAP) and anaerobic conditions (BAP). Strains were
maintained on tryptic soy broth (TSB; Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 30% (v/v) glycerol at −80 ◦C for long-term storage. Strains were preliminary iden-
tified by a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF) VITEK MS system (bioMérieux, Craponne, France) using in vitro diagnostic
database version 3.0. Eight Corynebacterium strains (n = 7 from urine of healthy women:
c8Ua_144T, c8Ua_172T, c8Ua_174T, c8Ua_181T, c9Ua_112T, c19Ua_109T, and c19Ua_121T;
n = 1 from urine of a woman diagnosed with OAB: c21Ua_68T) identified as putative new
Corynebacterium species were further characterized.

2.3. Phylogenetic Analysis

Complete nucleotide sequences of the 16S rRNA gene of all the strains analyzed in
this study and type strains of closely related Corynebacterium species were extracted with
MyDbFinder 2.0 (https://cge.food.dtu.dk/services/MyDbFinder/, accessed on 1 April
2022) after genome annotation. Primers and protocols for rpoB amplification and sequenc-
ing were the same as those described by Khamis et al. (2004) [14]. Further, 16S rRNA and
rpoB gene sequences were aligned, and similarity scores were generated using MEGA ver-
sion 7.0 (https://www.megasoftware.net/download_form, accessed on 1 April 2022) [15].
Phylogenetic trees were constructed according to the neighbor-joining method [16], and
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genetic distances were estimated using Kimura’s two-parameter model [17]. The reliability
of internal branches was assessed from bootstrapping based on 1000 resamplings [18].

2.4. Comparative Genomic Analysis

Genomic DNA from the eight strains was extracted by the Wizard® Genomic DNA
Purification Kit (Promega, Madison, WI, USA). Whole-genome sequencing was performed
with the Illumina NovaSeq technology (2 × 150 nt) (Eurofins Scientific, Konstanz, Germany).
Illumina reads were trimmed by Trim Galore (http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/, accessed on 1 April 2022), and quality was checked using
FastQC v0.11.9 (www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 1 April
2022). De novo assembly was performed by Unicycler v0.4.8 [19], and quality assessed by
QUAST v5.0.2 [20]. Annotation of the draft genome was provided by the NCBI Prokaryotic
Genome Annotation Pipeline [21]. The average nucleotide identity (ANI) based on BLAST+
was calculated by JspeciesWS [22] and digital DNA–DNA hybridization (dDDH) by the
Genome-to-Genome Distance Calculator following the recommended Formula 2 [23].

2.5. Phenotypic and Chemotaxonomic Analysis

Growth was evaluated in different culture media: tryptic soy agar (Liofilchem, Roseto
degli Abruzzi, Italy), tryptic soy broth (Liofilchem, Italy), brain heart infusion agar (Li-
ofilchem, Italy) and brain heart infusion broth (VWR International, Leuven, Belgium)
supplemented or not with 0.1% Tween-80 (Sigma-Aldrich, St. Quentin Fallavier, France)
under aerobic conditions, and Columbia agar with 5% sheep blood (bioMérieux, France)
under aerobic, microaerophilic, anaerobic conditions and a 5% CO2-enriched atmosphere
at 37 ◦C for 48 h. Growths at different temperatures (4, 8, 15, 25, 37, 42, and 50 ◦C) and
NaCl concentrations (5.0, 6.5, 7.0, 7.5, 8.0, and 9.0) were tested in brain heart infusion with
0.1% Tween-80 under aerobic conditions at 37 ◦C for 48 h. Cell and colony morphology
were observed with cells grown on Columbia agar with 5% sheep blood medium at 37 ◦C
for 48 h under aerobic conditions. Gram staining was assessed using a Gram-staining kit
(bioMérieux, France). Catalase and oxidase activities were evaluated in the presence of 3%
(v/v) aqueous hydrogen peroxide solution and oxidase strips (Oxoid), respectively. The
metabolic profile of the strains was determined by using the API® Coryne and API® Rapid
ID 32A bacterial identification systems, according to the instructions of the manufacturer
(bioMérieux, France).

Cellular fatty acids were analyzed after conversion into fatty acid methyl esters by
saponification, methylation, and extraction using the standard protocol of the Microbial
Identification System (MIDI Inc. version 6.1) [24]. To resolve summed features and to
confirm the identification from the MIDI system, the samples were additionally analyzed
via GC–MS as described previously [25].

Mycolic acids were extracted from approximately 300 mg wet biomass using minor
modifications of the method described by Vilchèze and Jacobs (2007) for analysis of mycolic
acids by high performance liquid chromatography [26]. Briefly, cells were lysed in 50%
KOH–methanol solution (1:1 v/v) at 95 ◦C overnight and extracted with chloroform. Dried
extracts were reconstituted in chloroform–methanol (9:1) and analyzed on an Agilent
6545 Q-TOF mass spectrometer as described previously [27]. Mycolic acids were identified
based on a comparison of exact masses from known mycolic acid structures [28].

Polar lipids were extracted from freeze-dried material based on the method of Bligh
and Dyer [29] with slight modifications described by Tindal et al. [30], and separated by
two-dimensional thin layer chromatography. Total lipids were visualized by spraying
with dodecamolybdophosphoric acid; specific functional groups were visualized with
α-naphthol, ninhydrin, or molybdenum blue.

Respiratory quinones were extracted from a freeze-dried cell, as described previ-
ously [25]. The separation and identification of quinones were performed by HPLC coupled
to a diode array detector and high-resolution mass spectrometer [31].

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
www.bioinformatics.babraham.ac.uk/projects/fastqc/
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3. Results
3.1. MALDI-TOF MS Identification

The strains c8Ua_144T, c8Ua_172T, c8Ua_181T, and c19Ua_109T were initially iden-
tified as Corynebacterium sp., c8Ua_174T and c9Ua_112T as Corynebacterium jeikeium, and
c19Ua_121T and c21Ua_68T as Corynebacterium tuberculostearicum.

3.2. Phylogenetic Analyses Based on 16S rRNA and rpoB Genes

A phylogenetic tree based on 16S rRNA gene sequences showed that all the strains
belonged to the genus Corynebacterium (Figure S1). The strains c8Ua_181T, c21Ua_68T,
and c19Ua_121T clustered together, and the closest neighbor was Corynebacterium accolens
JCM 8331T (98.9%–99.2% sequence similarity). The strain c19Ua_109T clustered with
Corynebacterium aurimucosum IMMIB D-1488 T (100% sequence similarity), c8Ua_174T and
c9Ua_112T with Corynebacterium jeikeium JCM 9384T (100% and 99.8% sequence similarity,
respectively), c8Ua_144T with Corynebacterium fournieri Marseille-P2948 T (99.4% sequence
similarity), and c8Ua_172T with Corynebacterium tuscaniense ISS-5309 T (99.8% sequence
similarity) (Figure S1).

The topology of a partial rpoB-based phylogenetic tree revealed few differences
compared with the 16S rRNA gene (Figure S2), yet the nucleotide sequence similarities
were quite different. The type strain of C. tuberculostearicum was the closest neighbor
of c8Ua_181T, c19Ua_121T, and c21Ua_68T (94.8%, 95.2% and 95.8% sequence similarity,
respectively), while the type strain of Corynebacterium afermentans was the closest neighbor
of c8Ua_144T (97.0% sequence similarity). The strains c8Ua_174T and c9Ua_112T clustered
with C. jeikeium (95.5% and 95.8% sequence similarity, respectively), and the closest neigh-
bor of the strains c8Ua_172T and c19Ua_109T was C. tuscaniense (90.8% sequence similarity)
and C. aurimucosum (95.5% sequence similarity), respectively.

3.3. Genomic Analysis

The genomic features of the strains analyzed in this study and the ANI and dDDH
values between our strains and the closest related type strains of the Corynebacterium species
are presented in Table 1.

The ANI and dDDH values between the eight strains were ≤66.3% and 35.9%, re-
spectively. The ANI values between the strains c8Ua_181T, c19Ua_121T, and c21Ua_68T

and the closest related C. tuberculostearicum were 87.7%, 94.0%, and 88.6%, respectively
(Table 1). The ANI values between c8Ua_174T or c9Ua_112T and C. jeikeium were 91.4% and
85.7%, respectively (Table 1). The ANI values between the strains c8Ua_144T, c8Ua_172T,
or c19Ua_109T and the closest species C. afermentans, C. tuscaniense, and C. aurimucosum
were 90.3, 84.1, and 88.4, respectively (Table 1). Likewise, the dDDH values between the
eight strains and between all the strains analyzed and the closest Corynebacterium species
ranged from 28.6% to 55.6% (Table 1).
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Table 1. Genomic features of the Corynebacterium strains analyzed in this study.

Strain Species Number of
Contigs

Genome Size
(Mbp) G + C (%) tRNA Proteins CDS Genomic Accession

Number

Closest Related
Corynebacterium Species

ANI (%) dDDH (%)

c8Ua_144 Corynebacterium
lehmanniae

81 2.5 65.4 47 2349 2373 JAKMUR000000000
C. afermentans
DSM 44280T

90.3 42.6

c8Ua_172 Corynebacterium
meitnerae

50 2.3 61.0 44 2078 2101 JAKMUS000000000
C. tuscaniense
CCUG 51321T

84.7 28.6

c8Ua_174 Corynebacterium
evansiae

28 2.2 62.9 50 1922 1999 JAKMUT000000000
C. jeikeium

ATCC 43734T

91.4 44.2

c8Ua_181 Corynebacterium
curieae

30 2.5 58.5 51 2282 2316 JAKMUU000000000
C. tuberculostearicum DSM

44922T

87.8 34.4

c9Ua_112 Corynebacterium
macclintockiae

35 2.2 62.0 56 1931 1974 JAKMUV000000000
C. jeikeium

ATCC 43734T

85.6 29.7

c19Ua_109 Corynebacterium
hessae

32 2.6 61.0 51 2431 2465 JAKMUW000000000
C. aurimucosum

DSM 44532T

88.4 34.7

c19Ua_121
Corynebacterium

marquesiae 34 2.5 59.5 50 2274 2309 JAKMUY000000000
C. tuberculostearicum DSM

44922T

94.0 55.6

c21Ua_68
Corynebacterium

yonathiae 54 2.4 58.7 50 2232 2270 JAKMUZ000000000
C. tuberculostearicum DSM

44922T

88.7 36.4
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Remarkably, 46 available genomes in public databases from strains deposited as
Corynebacterium sp., C. jeikeium, C. aurimucosum, C. tuberculostearicum, and not validly
published species (e.g., Corynebacterium haemomassilienses) should be reclassified based on
whole-genome relatedness, since ANI values between these strains and those analyzed in
this study were all above 95% (Table S1). In fact, the ANI values between 27 publicly avail-
able genomes from strains deposited as Corynebacterium sp. or C. aurimucosum, isolated from
Homo sapiens or environmental samples, and Corynebacterium hessae c19Ua_109T ranged
from 96.0% to 96.8%. The ANI values between 11 strains deposited as Corynebacterium
sp. or C. jeikeium, isolated from Homo sapiens samples, and Corynebacterium macclintockiae
c9Ua_112T ranged from 96.8% to 97.6%. The ANI values between four strains deposited as
C. aurimucosum or C. tuberculostearicum, isolated from Homo sapiens, and Corynebacterium
marquesiae c19Ua_121T ranged from 95.9% to 96.6%. Two strains (Corynebacterium sp. and
C. jeikeium), isolated from Homo sapiens, showed ANI values of 97.0% and 97.1% with
Corynebacterium evansiae c8Ua_174T, respectively. Finally, two other strains isolated from
Homo sapiens, and identified as Corynebacterium haemomassilienses or Corynebacterium sp.,
showed ANI values of 96.1% and 99.9% with Corynebacterium lehmanniae c8Ua_144T and
Corynebacterium yonathiae c21Ua_68T, respectively.

3.4. Phenotypic Characterization

The strains grow in all the tested medium under aerobic conditions. Supplementation
of the tested culture medium with Tween-80 allowed better growth of all but one strain
(c19Ua_109T). Optimum growth was observed for all strains growing in Columbia agar
with 5% sheep blood under an aerobic and 5% CO2-enriched atmosphere, at 37 ◦C for
48 h. Good growth was observed in microaerophilic conditions, and variable growth was
reported in anaerobic conditions. Bacterial cells appeared as Gram stain positive, rod
to coccoid shaped, no longer than 1.75 µm in length. All strains were catalase positive,
oxidase negative, and nonmotile. The differential characteristics from other species are
listed in Table 2.

3.5. Chemotaxonomic Characterizations

Short-chain mycolic acids with 32–38 carbons were detected in all strains. The strains
c8Ua_144T, c8Ua_174T, c8Ua_181T, c9Ua_112T, and c19Ua_109T contained MK-9(H2) as
the major menaquinone (65.1%, 76.6%, 51.6%, 80.3%, 51.1%, and 60.0%, respectively), while
the strains c8Ua_172T, c19Ua_121T, and c21Ua_68T contained MK-8(H2) (51.7%, 60.4%, and
49.4%, respectively).

The polar lipid analysis detected the presence of diphosphatidylglycerol, phosphatidyl-
glycerol, as well as uncharacterized phospholipids, and glycolipids in all strains. Addition-
ally, glycophospholipids were detected in all but one strain (c8Ua_174T), uncharacterized
aminolipids were detected in two strains (c19Ua_109T and c19Ua_121T), and uncharacter-
ized lipids were detected in all but two strains (c8Ua_181T and c21Ua_68T) (Figure S3).

The cellular fatty acid profile of the analyzed strains was composed predominantly of
straight-chain, saturated, and monounsaturated fatty acids, with the predominance of cis-9-
octadecenoic acid (oleic acid, C18:1 ω9c), followed by moderate amounts of hexadecanoic
acid (palmitic acid, C16:0) in all strains (Table 3). Moreover, tuberculostearic acid (10-methyl-
C18:0) was detected in small amounts in five strains.
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Table 2. Differential characteristics of the strains analyzed in this study and related type strains of Corynebacterium species. Strains: 1, c8Ua_144; 2, c8Ua_172; 3,
c8Ua_174; 4, c8Ua_181; 5, c9Ua_112; 6, c19Ua_109; 7, c19Ua_121; 8, c21Ua_68; 9, C. afermentans CIP 103499 [32]; 10, C. tuscaniense CCUG 51321 [33]; 11, C. jeikeium
ATCC 43734 [34]; 12, C. tuberculostearicum DSM 44922 [35]; 13, C. aurimucosum DSM 44532 [36].

Characteristic 1 2 3 4 5 6 7 8 9 10 11 12 13

Conditions for growth:
Temperature (◦C) 20–37 15–42 15–42 25–42 25–42 15–42 15–42 15–42 nd nd nd nd nd

(NaCl) (%) 5–8 5–7 5–9 5–9 5–7.5 5–8 5–9 5–8 5–6.5 nd nd nd nd

Nitrate reduction − − − − − − − − − − − v −
Esculin hydrolysis − − − − − − − − − − − − −
Gelatin hydrolysis − − − − − − − − − − − v −
Fermentation of:

D-glucose − − w w − + − − − + + + +
D-mannose − − − w − + − − − nd − − −

D-ribose − − − w − − − − − − nd + −
D-maltose − − − − − + − − − + v v +

D-saccharose − − − − − − − − − − − v +

Enzyme activity:
Urease − − − − − − − − − − − − −

Pyrazinamidase − − w − − + − − + + + + +
α-Glucosidase − − − − − − − − − − − − −
ß-Glucosidase − − − − − − − − − nd nd − −

ß-Glucuronidase − − − − − − − − nd − − nd −
Alkaline phosphatase − + + + + − − − + + + v +
Leucine arylamidase − − − − − − − − nd nd nd v +

+, positive; w, weakly positive; −, negative; v, variable reaction; nd, not determined.
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Table 3. Cellular fatty acid composition (percentages) of the 10 strains analyzed in this study
and closely related type strains. Strains: 1, c8Ua_144; 2, c8Ua_172; 3, c8Ua_174; 4, c8Ua_181; 5,
c9Ua_112; 6, c19Ua_109; 7, c19Ua_121; 8, c21Ua_68; 9, C. afermentans CIP 103499 [32]; 10, C. tuscaniense
CCUG 51321 [33]; 11, C. jeikeium ATCC 43734 [34]; 12, C. tuberculostearicum DSM 44922 [35]; 13,
C. aurimucosum DSM 44532 [36].

Fatty Acid (%) 1 1 2 3 4 5 6 7 8 9 10 11 12 13

C14:0 - - - - - - - - - nd 1.0 - 1.2
C15:0 - - - - - - - - - nd - 3.0 -

C16:0 11.4 26.7 18.9 11.1 17.9 15.3 16.9 13.7 +
(ni) nd 27.0 28.0 55.5

C17:0 - - - - - - - - - nd 2.0 2.0 -
C18:0 1.1 16.1 1.6 1.5 tr 2.0 1.6 1.4 - nd 16.0 14.0 3.2

C18:1 ω9c 74.1 37.9 58.8 74.8 61.4 68.8 66.1 74.4 +
(ni) nd 28.0 26.0 32.6

10-Methyl-C18:0 6.5 - - 5.6 - 4.7 5.0 4.1 - nd - 2.0 6.5
C16:1 ω9c - - 13.8 - 12.9 - - - - nd - - -

C18:2 ω6,9c - 13.5 - - - - - - Nd nd - - -
C18:1 ω7c 4.6 2.6 3.3 4.3 2.7 4.4 3.8 4.2 - nd - - -
C16:1 ω7c - - 2.4 0.9 3.0 0.8 0.8 1.0 - nd - - -

1 nd, not determined; ni, not indicated. -, fatty acids representing less than 0.7% or not detected were omitted.
+, fatty acid present without percentages indication.

3.6. Description of Corynebacterium sp. nov.

The proposed names of Corynebacterium novel species described in this study are in
honor of women who changed the world or female researchers whose role in science was
neglected and only later received due credit for their discoveries.

Corynebacterium lehmanniae sp. nov.

Corynebacterium lehmanniae (leh.man’ni.ae. N.L. gen. fem. n. lehmanniae of Lehman;
in honor of Inge Lehmann, a Danish seismologist, who discovered that Earth has a solid
inner core).

Cells are irregular rod and Gram stain positive with a mean length of 1.5 µm. Colonies
are smooth and slightly grayish, small, with a mean diameter of 1 mm on Columbia agar
with 5% sheep blood. Optimum growth was observed at 37 ◦C for 48 h under aerobic
conditions or a 5% CO2-enriched atmosphere on Columbia agar with 5% sheep blood.
It grows well in brain heart infusion and tryptic soy medium supplemented with 0.1%
Tween-80. Growth is observed between 20 and 37 ◦C and NaCl at 8.0% (w/v) maximum.
Cells are catalase positive and oxidase negative. In API® Coryne and API® Rapid ID 32A,
acid is not produced from D-glucose, D-ribose, D-xylose, D-mannitol, D-maltose, D-lactose,
D-saccharose, D-mannose, D-raffinose, and glycogen. Positive enzymatic reaction is ob-
served for proline arylamidase. Cells are negative for nitrate, gelatin, esculin, indole, urease,
arginine dihydrolase, α-galactosidase, β-galactosidase, β-galactosidase-6-phosphate, α-
glucosidase, β-glucosidase, α-arabinosidase, β-glucuronidase, N-acetyl-β-glucosaminidase,
glutamic acid decarboxylase, α-fucosidase, alkaline phosphatase, arginine arylamidase,
leucyl glycine arylamidase, phenylalanine arylamidase, leucine arylamidase, pyroglutamic
acid arylamidase, tyrosine arylamidase, alanine arylamidase, glycine arylamidase, histidine
arylamidase, glutamyl glutamic acid, arylamidase, serine arylamidase, pyrazinamidase,
and pyrrolidonyl arylamidase. Corynemycolic acids are present. Polar lipid analysis
revealed the presence of diphosphatidylglycerol, phosphatidylglycerol, and uncharacter-
ized glycophospholipids, glycolipids, phospholipid, and lipids. The quinone system is
characterized by the major menaquinone MK-9(H2), and the major fatty acid is C18:1 ω9c.

The type strain, c8Ua_144T (=DSM 113405T = CCP 74T), was isolated from the urine of
a healthy woman in Portugal in 2017. Another strain was isolated from blood (Table S1).
The DNA G + C content of the type strain is 65.4 mol %. The annotated genomic sequence
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of the strain c8Ua_144T was deposited in DDBJ/ENA/GenBank and is available under
accession number JAKMUR000000000.

Corynebacterium meitnerae sp. nov.

Corynebacterium meitnerae (mei’tner.ae. N.L. gen. fem. n. meitnerae of Meitner; in honor
of Lise Meitner, an Austrian physicist, who studied radioactivity and nuclear physics and,
together with Otto Hahn and Fritz Straßmann, discovered the nuclear fission).

Cells are coccoid or irregular rod and Gram stain positive with a mean length of
1.02 µm. Colonies are whitish, with entire edges, no-hemolytic, and very small (≤1 mm) on
Columbia agar with 5% sheep blood. Optimum growth is observed at 37 ◦C for 48 h under
aerobic conditions or a 5% CO2-enriched atmosphere on Columbia agar with 5% sheep
blood. It grows well in brain heart infusion and tryptic soy medium supplemented with
0.1% Tween-80. Growth is observed between 15 and 42 ◦C and NaCl at 7.0% (w/v) maxi-
mum. Cells are catalase positive and oxidase negative. In API® Coryne and API® Rapid
ID 32A, acid is not produced from D-glucose, D-ribose, D-xylose, D-mannitol, D-maltose,
D-lactose, D-saccharose, D-mannose, D-raffinose, and glycogen. Positive enzymatic reac-
tion is observed for alkaline phosphatase. Cells are negative for nitrate, gelatin, esculin,
indole, urease, arginine dihydrolase, α-galactosidase, β-galactosidase, β-galactosidase-6-
phosphate, α-glucosidase, β-glucosidase, α-arabinosidase, β-glucuronidase, N-acetyl-β-
glucosaminidase, glutamic acid decarboxylase, α-fucosidase, leucyl glycine arylamidase,
leucyl arylamidase, phenylalanine arylamidase, leucine arylamidase, pyroglutamic acid
arylamidase, proline arylamidase, tyrosine arylamidase, alanine arylamidase, glycine ary-
lamidase, histidine arylamidase, glutamyl glutamic acid, arylamidase, serine arylamidase,
pyrazinamidase, and pyrrolidonyl arylamidase. Corynemycolic acids are present. Polar
lipid analysis revealed the presence of diphosphatidylglycerol, phosphatidylglycerol, and
uncharacterized glycophospholipids, glycolipids, phospholipids, and lipids. The quinone
system is characterized by the major menaquinone MK-8(H2), and the major fatty acid is
C18:1 ω9c.

The type strain, c8Ua_172T (=DSM 113406T = CCP 75T), was isolated from the urine
of a healthy woman in Portugal in 2017. The DNA G + C content of the type strain is
61.0 mol %. The annotated genomic sequence of the strain c8Ua_172T was deposited in
DDBJ/ENA/GenBank and is available under accession number JAKMUS000000000.
Corynebacterium evansiae sp. nov.

Corynebacterium evansiae (e.van’si.ae. N.L. gen. fem. n. evansiae of Evans; in honor of
Alice Evans, an American microbiologist, who demonstrated that Brucella abortus caused
the disease brucellosis (undulant fever) in both cattle and humans, suggesting that raw
milk could cause disease in humans).

Cells are pleomorphic rod and Gram stain positive with a mean length of 0.9 µm.
Colonies are greyish to white, with entire edges, small with a mean diameter of 1 mm, and
nonhemolytic on Columbia agar with 5% sheep blood. Optimum growth is observed at
37 ◦C for 48 h under aerobic conditions or a 5% CO2-enriched atmosphere on Columbia
agar with 5% sheep blood. It grows well in brain heart infusion and tryptic soy medium
supplemented with 0.1% Tween-80. Growth occurs between 15 and 42 ◦C and NaCl at
9.0% (w/v) maximum. Cells are catalase positive and oxidase negative. In API® Coryne
and API® Rapid ID 32A, acid is produced from D-glucose (weak reaction). Acid is not
produced from D-ribose, D-xylose, D-mannitol, D-maltose, D-lactose, D-saccharose, D-
mannose, D-raffinose, and glycogen. Positive enzymatic reaction is observed for alkaline
phosphatase, arginine arylamidase, and phenylalanine arylamidase and weakly positive
for glycine arylamidase and pyrazinamidase. Cells are negative for nitrate, gelatin, esculin,
indole, urease, arginine dihydrolase, α-galactosidase, β-galactosidase, β-galactosidase-6-
phosphate, α-glucosidase, β-glucosidase, α-arabinosidase, β-glucuronidase, N-acetyl-β-
glucosaminidase, glutamic acid decarboxylase, α-fucosidase, leucyl glycine arylamidase,
leucine arylamidase, pyroglutamic acid arylamidase, proline arylamidase, tyrosine ary-
lamidase, alanine arylamidase, histidine arylamidase, glutamyl glutamic acid, arylamidase,
serine arylamidase, and pyrrolidonyl arylamidase. Corynemycolic acids are present. Polar
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lipid analysis revealed the presence of diphosphatidylglycerol phosphatidylglycerol and
uncharacterized glycolipids, phospholipids and lipids. The quinone system is characterized
by the major menaquinone MK-9(H2), and the major fatty acid is C18:1 ω9c.

The type strain, c8Ua_174T (=DSM 113407T = CCP 76T), was isolated from the urine of
a healthy woman in Portugal in 2017. Other strains were isolated from vertebral disk space
and urine (Table S1). The DNA G + C content of the type strain is 62.9 mol %. The annotated
genomic sequence of the strain c8Ua_174T was deposited in DDBJ/ENA/GenBank and is
available under accession number JAKMUT000000000.

Corynebacterium curieae sp. nov.

Corynebacterium curieae (cu.rie’ae. N.L. gen. fem. n. curieae of Curie; in honor of Marie
Skłodowska-Curie, a Polish physicist and chemist, who conducted pioneering research
on radioactivity).

Cells are irregular rods to coccoid and Gram stain positive with a mean length of
1.10 µm. Colonies are almost colorless, very small (<1 mm in diameter), and nonhemolytic
on Columbia agar with 5% sheep blood. Optimum growth is observed at 37 ◦C for 48 h
under aerobic conditions or a 5% CO2-enriched atmosphere on Columbia agar with 5%
sheep blood. It grows well in brain heart infusion and tryptic soy medium supplemented
with 0.1% Tween-80. Growth is observed between 25 and 42 ◦C and NaCl at 9.0% (w/v)
maximum. Cells are catalase positive and oxidase negative. In API® Coryne and API®

Rapid ID 32A, acid is produced from D-mannose. There is weak reaction for D-glucose
and D-ribose. Acid is not produced from D-xylose, D-mannitol, D-maltose, D-lactose,
D-saccharose, D-raffinose, and glycogen. Positive enzymatic reaction is observed for alka-
line phosphatase and proline arylamidase. Cells are negative for nitrate, gelatin, esculin,
indole, urease, arginine dihydrolase, α-galactosidase, β-galactosidase, β-galactosidase-
6-phosphate, α-glucosidase, β-glucosidase, α-arabinosidase, β-glucuronidase, N-acetyl-
β-glucosaminidase, glutamic acid decarboxylase, α-fucosidase, leucyl glycine arylami-
dase, leucine arylamidase, pyroglutamic acid arylamidase, tyrosine arylamidase, alanine
arylamidase, histidine arylamidase, glutamyl glutamic acid, arylamidase, serine arylami-
dase, pyrrolidonyl arylamidase, phenylalanine arylamidase, glycine arylamidase, and
pyrazinamidase. Corynemycolic acids are present. Polar lipid analysis revealed the pres-
ence of diphosphatidylglycerol, phosphatidylglycerol, and uncharacterized phospholipids,
glycophospholipid and glycolipids. The quinone system is characterized by the major
menaquinone MK-9(H2), and the major fatty acid is C18:1 ω9c.

The type strain, c8Ua_181T (=DSM 113408T = CCP 77T), was isolated from the urine
of a healthy woman in Portugal in 2017. The DNA G + C content of the type strain is
58.5 mol %. The annotated genomic sequence of the strain c8Ua_181T was deposited in
DDBJ/ENA/GenBank and is available under accession number JAKMUU000000000.

Corynebacterium macclintockiae sp. nov.

Corynebacterium macclintockiae (mcclin.tock’i.ae. N.L. gen. fem. n. mcclintockiae of
McClintock; in honor of Barbara McClintock, an American cytogeneticist, who discov-
ered transposons).

Cells are irregular rods to coccoid and Gram stain positive with a mean length of
1.0 µm. Colonies are greyish white, with entire edges, small with a mean diameter of
1.0 mm, and nonhemolytic on Columbia agar with 5% sheep blood. Optimum growth is
observed at 37 ◦C for 48 h under aerobic conditions or a 5% CO2-enriched atmosphere on
Columbia agar with 5% sheep blood. It grows well in brain heart infusion and tryptic soy
medium supplemented with 0.1% Tween-80. Growth is observed between 25 and 42 ◦C
and NaCl at 7.5% (w/v) maximum. Cells are catalase positive and oxidase negative. In
API® Coryne and API® Rapid ID 32A, acid is not produced from D-glycose, D-ribose,
D-xylose, D-mannitol, D-maltose, D-lactose, D-saccharose, D-mannose, D-raffinose, and
glycogen. Positive enzymatic reaction is observed for alkaline phosphatase. Cells are nega-
tive for nitrate, gelatin, esculin, indole, urease, arginine dihydrolase, α-galactosidase, β-
galactosidase, β-galactosidase-6-phosphate, α-glucosidase, β-glucosidase, α-arabinosidase,
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β-glucuronidase, N-acetyl-β-glucosaminidase, glutamic acid decarboxylase, α-fucosidase,
leucyl glycine arylamidase, leucine arylamidase, pyroglutamic acid arylamidase, pro-
line arylamidase, tyrosine arylamidase, alanine arylamidase, histidine arylamidase, glu-
tamyl glutamic acid arylamidase, and serine arylamidase and pyrrolidonyl arylamidase,
arginine arylamidase, phenylalanine arylamidase, glycine arylamidase, and pyrazinami-
dase. Corynemycolic acids are present. Polar lipid analysis revealed the presence of
diphosphatidylglycerol, phosphatidylglycerol, and uncharacterized glycolipids, glycophos-
pholipid, phospholipid, and lipids. The quinone system is characterized by the major
menaquinone MK-9(H2), and the major fatty acid is C18:1 ω9c.

The type strain, c9Ua_112T (=DSM 113409T = CCP 78T), was isolated from the urine of
a healthy woman in Portugal in 2017. Other strains were isolated from pleural human spine,
knee bursa, humeral membrane, tissue, diabetic foot ulcer, and decubitus ulcer (Table S1).
The DNA G + C content of the type strain is 62.0 mol %. The annotated genomic sequence
of the strain c9Ua_112T was deposited in DDBJ/ENA/GenBank and is available under
accession number JAKMUV000000000.

Corynebacterium hesseae sp. nov.

Corynebacterium hesseae (hes’se.ae. N.L. gen. fem. n. hesseae of Hesse; in honor of
Fanny Hesse, an American microbiologist, who alongside her husband, Walther Hesse,
pioneered the use of agar as a common gelling agent for the production of media capable
of culturing microorganisms).

Cells are irregular rods and Gram stain positive with a mean length of 1.4 µm. Colonies
are whitish to beige, with entire edges with 1–2 mm in diameter, and hemolytic on Columbia
agar with 5% sheep blood. Optimum growth is observed at 37 ◦C for 48 h under aerobic
conditions or a 5% CO2-enriched atmosphere on Columbia agar with 5% sheep blood.
Growth is observed between 15 and 42 ◦C and NaCl at 8.0% (w/v) maximum. Cells
are catalase positive and oxidase negative. In API® Coryne and API® Rapid ID 32A,
acid is produced from D-glycose, D-maltose, and D-mannose. Acid is not produced
from D-ribose, D-xylose, D-mannitol, D-lactose, D-saccharose, D-mannose, D-raffinose,
and glycogen. Positive enzymatic reaction is observed for proline arylamidase, arginine
arylamidase, alanine arylamidase, glycine arylamidase, and pyrazinamidase. Cells are
negative for nitrate, gelatin, esculin, indole, urease, arginine dihydrolase, α-galactosidase, β-
galactosidase, β-galactosidase-6-phosphate, α-glucosidase, β-glucosidase, α-arabinosidase,
β-glucuronidase, N-acetyl-β-glucosaminidase, glutamic acid decarboxylase, α-fucosidase,
alkaline phosphatase, leucyl glycine arylamidase, leucine arylamidase, pyroglutamic acid
arylamidase, proline arylamidase, tyrosine arylamidase, histidine arylamidase, glutamyl
glutamic acid arylamidase, and serine arylamidase and pyrrolidonyl arylamidase and
phenylalanine arylamidase. Corynemycolic acids are present. Polar lipid analysis revealed
the presence of diphosphatidylglycerol, phosphatidylglycerol, and uncharacterized glycol-
ipids, phospholipids, glycophospholipid, aminolipids, and lipids. The quinone system is
characterized by the major menaquinone MK-9(H2), and the major fatty acid is C18:1 ω9c.

The type strain, c19Ua_109T (=DSM 113410T = CCP 79T), was isolated from the urine
of a healthy woman in Portugal in 2017. Other strains were isolated from a human (vagina,
rectum, urine, sebaceous cyst, skin, nasal mucosa) and the environment. The DNA G +
C content of the type strain is 61.0 mol %. The annotated genomic sequence of the strain
c19Ua_109T was deposited in DDBJ/ENA/GenBank and is available under accession
number JAKMUW000000000.

Corynebacterium marquesiae sp. nov.

Corynebacterium marquesiae (mar.que’si.ae. N.L. gen. fem. n. marquesiae of Marques; in
honor of Branca Edmée Marques, a Portuguese scientist, who worked under the famous
scientist Madame Marie Curie, and whose research in nuclear physics for peaceful means
was finally recognized by the Portuguese State at the age of 67).

Cells are irregular rods to coccoid non-spore-forming with a mean length of 1.26 µm.
Colonies are slightly white, very small (≤1 mm in diameter), and nonhemolytic on
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Columbia agar with 5% sheep blood. Optimum growth is observed at 37 ◦C for 48 h
under aerobic conditions or a 5% CO2-enriched atmosphere on Columbia agar with 5%
sheep blood. It grows well in brain heart infusion and tryptic soy medium supplemented
with 0.1% Tween-80. Growth is observed between 15 and 42 ◦C and NaCl at 9.0% (w/v) max-
imum. Cells are catalase positive and oxidase negative. In API® Coryne and API® Rapid
ID 32A, acid is not produced from D-glucose, D-ribose, D-xylose, D-mannitol, D-maltose,
D-lactose, D-saccharose, D-raffinose, D-mannose, and glycogen. Cells are negative for
nitrate, gelatin, esculin, and indole tests. Positive enzymatic reaction is observed for pyrog-
lutamic acid arylamidase and proline arylamidase. Cells are negative for urease, arginine
dihydrolase, α-galactosidase, β-galactosidase, β-galactosidase-6-phosphate, α-glucosidase,
β-glucosidase, α-arabinosidase, β-glucuronidase, N-acetyl-β-glucosaminidase, glutamic
acid decarboxylase, α-fucosidase, leucyl glycine arylamidase, leucine arylamidase, tyrosine
arylamidase, alanine arylamidase, histidine arylamidase, glutamyl glutamic acid arylami-
dase, and serine arylamidase and pyrrolidonyl arylamidase, phenylalanine arylamidase,
glycine arylamidase, alkaline phosphatase, and pyrazinamidase. Corynemycolic acids are
present. Polar lipid analysis revealed the presence of diphosphatidylglycerol, phosphatidyl-
glycerol, and uncharacterized glycolipids, phospholipid, glycophospholipid, aminolipids,
and lipids. The quinone system is characterized by the major menaquinone MK-8(H2), and
the major fatty acid is C18:1 ω9c.

The type strain, c19Ua_121T (=DSM 113411T = CCP 80T), was isolated from the urine
of a healthy woman in Portugal in 2017. Other strains were isolated from the skin (Table S1).
The DNA G + C content of the type strain is 59.5 mol %. The annotated genomic sequence
of the strain c19Ua_121T was deposited in DDBJ/ENA/GenBank and is available under
accession number JAKMUY000000000.

Corynebacterium yonathiae sp. nov.

Corynebacterium yonathiae (yo.na’thi.ae. N.L. gen. fem. n. yonathiae of Yonath; in
honor of Ada Yonath, an Israeli chemistry, for her studies on the structure and function of
the ribosome.

Cells are pleomorphic rods to coccoid and Gram stain positive with a mean length
of 1.33 µm. Colonies are circular, whitish, small with a mean diameter of 1 mm, and
nonhemolytic on Columbia agar with 5% sheep blood. Optimum growth is observed at
37 ◦C for 48 h under aerobic conditions or a 5% CO2-enriched atmosphere on Columbia
agar with 5% sheep blood. It grows well in brain heart infusion and tryptic soy medium
supplemented with 0.1% Tween-80. Growth is observed between 8 and 42 ◦C and NaCl at
8.0% (w/v) maximum. Cells are catalase positive and oxidase negative. In API® Coryne and
API® Rapid ID 32A, acid is not produced from D-glucose, D-ribose, D-xylose, D-mannitol,
D-maltose, D-lactose, D-saccharose, D-raffinose, D-mannose, and glycogen. Positive en-
zymatic reaction is observed for proline arylamidase and alkaline phosphatase. Cells are
negative for nitrate, gelatin, esculin, indole, urease, arginine dihydrolase, α-galactosidase, β-
galactosidase, β-galactosidase-6-phosphate, α-glucosidase, β-glucosidase, α-arabinosidase,
β-glucuronidase, N-acetyl-β-glucosaminidase, glutamic acid decarboxylase, α-fucosidase,
leucyl glycine arylamidase, leucine arylamidase, pyroglutamic acid arylamidase, tyrosine
arylamidase, alanine arylamidase, histidine arylamidase, glutamyl glutamic acid arylami-
dase, and serine arylamidase and pyrrolidonyl arylamidase, phenylalanine arylamidase,
glycine arylamidase, and pyrazinamidase. Corynemycolic acids are present. Polar lipid
analysis revealed the presence of diphosphatidylglycerol, phosphatidylglycerol, and un-
characterized glycolipids, phospholipid, and glycophospholipid. The quinone system is
characterized by the major menaquinone MK-8(H2), and the major fatty acid is C18:1 ω9c.

The type strain, c21Ua_68T (=DSM 113412T = CCP 81T), was isolated from the urine
of a woman with overactive bladder symptoms in Portugal in 2017. Another strain was
isolated from nasopharynx (Table S1). The DNA G + C content of the type strain is
58.7 mol %. The annotated genomic sequence of the strain c21Ua_68T was deposited in
DDBJ/ENA/GenBank and is available under accession number JAKMUZ000000000.
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4. Discussion

The accurate discrimination of the Corynebacterium species has been improved over
the years with the emergence of bacterial identification tools. However, the identification
of some closest species is still a challenge. MALDI-TOF MS is a powerful tool to rapidly
and accurately identify bacteria to both genus and species levels [37,38], yet it failed to
differentiate the strains analyzed in this study.

The 16S rRNA gene is the most widely used marker to determine phylogenetic relation-
ships of bacteria. However, the 16S rRNA gene provides limited resolution to discriminate
among closely related species of the genus Corynebacterium due to a low polymorphism
degree [39,40]. Our study also corroborates this since all but one Corynebacterium strains an-
alyzed clustered with other Corynebacterium species. Conversely, some studies have shown
that the partial sequence of rpoB is more accurate than the 16S rRNA gene to discriminate
closely related Corynebacterium species [40,41]. Khamis and colleagues (2005) observed that
the highest degree of similarity of rpoB partial sequence between two species was 95.0% [40].
However, the in silico analysis performed in this study revealed that the highest degree of
similarity of rpoB partial sequence between the two most closely related Corynebacterium
species (i.e., Corynebacterium diphtheriae and Corynebacterium belfantii) was 98.1%, and most
of the strains here analyzed showed high values of similarity degree with the most related
species (above the 95.0% cut-off set out by Khamis) [40]. Therefore, neither the 16S rRNA
gene nor rpoB provides an accurate identification of closely related Corynebacterium species.

Whole-genome analysis is the most powerful tool for the taxonomic classification
of the genus Corynebacterium [38,42]. In the current work, it allowed for the accurate
discrimination of all Corynebacterium strains analyzed. The ANIb values between our
strains and between our strains and closely related Corynebacterium species were clearly
below the proposed species cut-off of 95%–96% [43]. Likewise, the dDDH values between
the strains analyzed and the closest Corynebacterium species were below the proposed
species cut-off level of 70% [23]. These data confirmed that the eight strains analyzed
represent distinct species within the Corynebacterium genus. Moreover, the ANI values
obtained between our strains and publicly available genomes support the reclassification
of 46 strains as C. hesseae (27 strains), C. macclintockiae (11 strains), C. marquesiae (4 strains),
C. evansiae (2 strains), C. lehmanniae, and C. yonathiae (1 strain each).

The morphologic and phenotypic characteristics (e.g., Gram positive staining, pleo-
morphic, rod to coccoid shaped, nonmotile, non-spore-forming, positive catalase, and
oxidase negative) of our strains are in accordance with those previously reported for the
Corynebacterium genus [38,39,44]. Likewise, the short-chain mycolic acids with 32–38 car-
bons, the major menaquinone (types MK-8(H2) and MK-9(H2), and the complex polar lipid
and cellular fatty acid profiles (predominance of C18:1ω9c) exhibited are also in line with
those reported for other species of the genus [39,42,45].

Our study supports that the strains analyzed in this study represent eight novel
species within the Corynebacterium genus, for which the names Corynebacterium lehmanniae,
Corynebacterium meitnerae, Corynebacterium evansiae, Corynebacterium curieae, Corynebacterium
macclintockiae, Corynebacterium hesseae, Corynebacterium marquesiae, and Corynebacterium
yonathiae are proposed. However, the biological mechanisms that Corynebacterium mem-
bers composing the FUM may play in maintaining a healthy microbiome remain to be
deciphered. Nevertheless, recent studies revealed that some Corynebacterium species may
play an important role in microbiome-mediated protection against pathogens [46–48]. For
instance, Corynebacterium accolens has been associated with the inhibition of nasal colo-
nization by Streptococcus pneumoniae and Corynebacterium pseudodiphtheriticum with the
eradication of Staphylococcus aureus from the human nose, including methicillin-resistant
S. aureus) [49,50].

5. Conclusions

Our study evidenced that 16S RNA gene sequencing, previously proposed cut-off of
rpoB, as well as MALDI-TOF spectroscopy, presented limited resolution for discriminating
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closely related and new Corynebacterium species, leading to an underestimated diversity of
this genus in the female urinary microbiome.

This work expanded the knowledge on the diversity of Corynebacterium species inhab-
iting the FUM. Future research studying the biological mechanisms of the new Corynebac-
terium species here described, in the context of the genitourinary tract, may shed light on
their possible beneficial role.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms11020388/s1, Table S1: Average nucleotide iden-
tity between Corynebacterium lehmanniae, Corynebacterium evansiae, Corynebacterium macclintockiae,
Corynebacterium hesseae, Corynebacterium marquesiae, Corynebacterium yonathiae, and 46 publicly avail-
able genomes of Corynebacterium; Figure S1: Neighbor-joining tree (Kimura’s two-parameter model
and pairwise-deletion option) based on 16S rRNA gene sequences showing the phylogenetic re-
lationships of the strains c8Ua_144T, c8Ua_172T, c8Ua_174T, c8Ua_181T, c9Ua_112T, c19Ua_109T,
c19Ua_121T, and c21Ua_68T and closely related type strains of the genus Corynebacterium; Figure S2:
Neighbor-joining tree (Kimura’s two-parameter model and pairwise-deletion option) based on rpoB
gene sequences showing the phylogenetic relationships of Corynebacterium c8Ua_144T, c8Ua_172T,
c8Ua_174T, c8Ua_181T, c9Ua_112T, c19Ua_109T, c19Ua_121T, and c21Ua_68T and closely related type
strains of the genus Corynebacterium; Figure S3: Two-dimensional thin-layer chromatogram (TLC)
of extracted lipids of c8Ua_144T (A), c8Ua_172T (B), c8Ua_174T (C), c8Ua_181T (D), c9Ua_112T (E),
c19Ua_109T (F), c19Ua_121T (G), and c21Ua_68T (H).

Author Contributions: E.A.C. performed the phenotypic, biochemical, and genomic methodologies;
phylogenetic analysis; and submission of genomes to public databases and wrote the original draft of
manuscript. M.K. contributed to the isolation of the strains, rpoB amplification, and reviewing the
manuscript. J.W. performed the chemotaxonomic methodologies. M.N.-S. contributed to reviewing
the manuscript. T.G.R. designed the study and contributed to genomic and phylogenetic analysis
and reviewing the manuscript. L.P. designed the study and contributed to reviewing the manuscript,
project administration, and funding. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is financed by national funds from FCT—Fundação para a Ciência e a Tecnologia,
I.P., in the scope of the project UIDP/04378/2020 and UIDB/04378/2020 of the Research Unit
on Applied Molecular Biosciences—UCIBIO and the project LA/P/0140/2020 of the Associate
Laboratory Institute for Health and Bioeconomy—i4HB. T.G.R. is supported by UCIBIO—Applied
Molecular Biosciences Unit (UIDP/QUI/04378/2020), with the financial support of FCT/MCTES
through national funds. M.K. was supported by an FCT Ph.D. grant (SFRH/BD/132497/2017).

Data Availability Statement: The data presented in this study are available in Supplementary
Material and via accession numbers described in the Section 3.6 of this article.

Acknowledgments: We are grateful to Svetlana Ugarcina Perovic for performing MALDI-TOF MS
analysis, bioMérieux (Portugal, Lda) for the MALDI-TOF MS equipment and material provided,
and Tiago Antunes-Lopes for providing the urine samples from patients diagnosed with overactive
bladder. We thank Anja Frühling, Birgit Grün, Gesa Martens, Ulrike Steiner, and Anika Wasner for
their excellent technical assistance.

Conflicts of Interest: The authors declare that there are no conflict of interest.

References
1. Lehmann, K.; Neumann, R. Atlas und Grundriss der Bakteriologie und Lehrbuch der Speziellen Bakteriologischen Diagnostik; J.F.

Lehmann: Munich, Germany, 1896; pp. 1–448.
2. Wei, Y.; Fang, J.; Xu, Y.; Zhao, W.; Cao, J. Corynebacterium hadale sp. nov. isolated from hadopelagic water of the New Britain

Trench. Int. J. Syst. Evol. Microbiol. 2018, 68, 1474–1478. [CrossRef]
3. Fudou, R.; Jojima, Y.; Seto, A.; Yamada, K.; Kimura, E.; Nakamatsu, T.; Hiraishi, A.; Yamanaka, S. Corynebacterium efficiens sp. nov.,

a glutamic-acid-producing species from soil and vegetable. Int. J. Syst. Evol. Microbiol. 2002, 52, 1127–1131. [CrossRef] [PubMed]
4. McMullen, A.R.; Anderson, N.; Wallace, M.A.; Shupe, A.; Burnham, C.D. When good bugs go bad: Epidemiology and antimicro-

bial resistance profiles of Corynebacterium striatum, an emerging multidrug-resistant, opportunistic pathogen. Antimicrob. Agents
Chemother. 2017, 61, e01111-17. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/microorganisms11020388/s1
https://www.mdpi.com/article/10.3390/microorganisms11020388/s1
http://doi.org/10.1099/ijsem.0.002695
http://doi.org/10.1099/00207713-52-4-1127
http://www.ncbi.nlm.nih.gov/pubmed/12148616
http://doi.org/10.1128/AAC.01111-17
http://www.ncbi.nlm.nih.gov/pubmed/28848008


Microorganisms 2023, 11, 388 15 of 16

5. Kalt, F.; Schulthess, B.; Sidler, F.; Herren, S.; Fucentese, S.F.; Zingg, P.O.; Berli, M.; Zinkernagel, A.S.; Zbinden, R.; Achermann, Y.
Corynebacterium species rarely cause orthopedic infections. J. Clin. Microbiol. 2018, 56, e01200-18. [CrossRef]

6. Bernard, K. The genus Corynebacterium and other medically relevant coryneform-like bacteria. J. Clin. Microbiol. 2012, 50,
2152–2158. [CrossRef] [PubMed]

7. Oliveira, A.; Oliveira, L.C.; Aburjaile, F.; Benevides, L.; Tiwari, S.; Jamal, S.B.; Silva, A.; Figueiredo, H.C.P.; Ghosh, P.; Portela,
R.W.; et al. Insight of genus Corynebacterium: Ascertaining the role of pathogenic and non-pathogenic species. Front. Microbiol.
2017, 8, 1937. [CrossRef]

8. Neugent, M.; Hulyalkar, N.V.; Nguyen, V.H.; Zimmern, P.E.; De Nisco, N.J. Advances in understanding the human urinary
microbiome and its potential role in urinary tract infection. mBio 2020, 11, e00218-20. [CrossRef]

9. Ksiezarek, M.; Ugarcina-Perovic, S.; Rocha, J.; Grosso, F.; Peixe, L. Long-term stability of the urogenital microbiota of asymptomatic
European women. BMC Microbiol. 2021, 21, 64. [CrossRef]

10. Ugarcina Perovic, S.; Ksiezarek, M.; Rocha, J.; Cappelli, E.A.; Sousa, M.; Ribeiro, T.G.; Grosso, F.; Peixe, L. Urinary Microbiome of
Reproductive-Age Asymptomatic European Women. Microbiol. Spectr. 2022, 10, e0130822. [CrossRef] [PubMed]

11. Curtiss, N.; Balachandran, A.; Krska, L.; Peppiatt-Wildman, C.; Wildman, S.; Duckett, J. A case-controlled study examining the
bladder microbiome in women with overactive bladder (OAB) and healthy controls. Eur. J. Obstet. Gynecol. Reprod. Biol. 2017, 214,
31–35. [CrossRef]

12. Perovic, S.U.; Ksiezarek, M.; Rocha, J.; Vale, L.; Silva, C.; Dinis, P.; Antunes-Lopes, T.; Peixe, L. 77-Time to change microbiological
approach to overactive bladder. Eur. Urol. Suppl. 2019, 18, e103. [CrossRef]

13. Homma, Y.; Yoshida, M.; Seki, N.; Yokoyama, O.; Kakizaki, H.; Gotoh, M.; Yamanishi, T.; Yamaguchi, O.; Takeda, M.; Nishizawa,
O. Symptom assessment tool for overactive bladder syndrome—Overactive symptom score. Urology 2006, 68, 318–323. [CrossRef]
[PubMed]

14. Khamis, A.; Raoult, D.; La Scola, B. rpoB gene sequencing for identification of Corynebacterium species. J. Clin. Microbiol. 2004, 42,
3925–3931. [CrossRef]

15. Kumar, S.; Stecher, G.; Tamura, K. MEGA 7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]

16. Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 1987, 4,
406–425. [CrossRef] [PubMed]

17. Kimura, M. A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide
sequences. J. Mol. Evol. 1980, 16, 111–120. [CrossRef]

18. Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39, 783–791. [CrossRef]
19. Wick, R.R.; Judd, L.M.; Gorrie, C.L.; Holt, K. Unicycler: Resolving bacterial genome assemblies from short and long sequencing

reads. PLoS Comput. Biol. 2017, 13, e1005595. [CrossRef]
20. Gurevich, A.; Saveliev, V.; Vyahii, N.; Tesler, G. QUAST: Quality assessment tool for genome assemblies. Bioinformatics 2013, 29,

1072–1075. [CrossRef]
21. Haft, D.H.; DiCuccio, M.; Badretdin, A.; Brover, V.; Chetvernin, V.; O’Neill, K.; Li, W.; Chitsaz, F.; Derbyshire, M.K.; Gonzales,

N.R.; et al. RefSeq: An update on prokaryotic genome annotation and curation. Nucleic Acids Res. 2018, 46, D851–D860. [CrossRef]
22. Richter, M.; Rosselló-Móra, R.; Glöckner, F.O.; Peplies, J. JspeciesWS: A web server for prokaryotic species circumscription based

on pairwise genome comparison. Bioinformatics 2016, 32, 929–931. [CrossRef]
23. Meier-Kolthoff, J.P.; Auch, A.F.; Klenk, A.H.; Göker, M. Genome sequence-based species delimitation with confidence intervals

and improved distance functions. BMC Bioinform. 2013, 14, 60. [CrossRef]
24. Sasser, M. Idenfitication of Bacteria by Gas Chromatography of Cellular Fatty Acids; MIDI Technical Note 101; MIDI: Newark, DE, USA,

2006; pp. 1–6.
25. Vieira, S.; Huber, K.J.; Neumann-Schaal, M.; Geppert, A.; Luckner, M.; Wanner, G.; Overmann, J. Usitatibacter rugosus gen. nov., sp.

nov. and Usitatibacter palustris sp. nov., novel members of Usitatibacteraceae fam. nov. within the order Nitrosomonadales isolated
from soil. Int. J. Syst. Evol. Microbiol. 2021, 71, 4631. [CrossRef]

26. Vilchèze, C.; Jacobs, W.R. Isolation and analysis of Mycobacterium tuberculosis mycolic acids. Curr. Protoc. Microbiol. 2007, 10,
10A.3. [CrossRef]

27. Jaén-Luchoro, D.; Al-Shaer, S.; Piñeiro-Iglesias, B.; Gonzales-Siles, L.; Cardew, S.; Jensie-Markopolous, S.; Ohlén, M.; Inganäs, E.;
Neumann-Schaal, M.; Wolf, J.; et al. Corynebacterium genitalium sp. nov., nom. rev. and Corynebacterium pseudogenitalium sp. nov.,
nom. rev., two old species of the genus Corynebacterium described from clinical and environmental samples. Res. Microbiol. 2022,
174, 103987. [CrossRef]

28. Bouam, A.; Armstrong, N.; Levasseur, A.; Drancourt, M. Mycobacterium terramassiliense, Mycobacterium rhizamassiliense and
Mycobacterium numidiamassiliense sp. nov., three new Mycobacterium simiae complex species cultured from plant roots. Sci. Rep.
2018, 8, 9309. [CrossRef]

29. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917.
[CrossRef]

30. Tindall, B.J.; Sikorski, J.; Smibert, R.M.; Kreig, N.R. Phenotypic characterization and the principles of comparative systematics. In
Methods for General and Molecular Microbiology, 3rd ed.; ASM Press: Washington, DC, USA; pp. 330–393.

http://doi.org/10.1128/JCM.01200-18
http://doi.org/10.1128/JCM.00796-12
http://www.ncbi.nlm.nih.gov/pubmed/22837327
http://doi.org/10.3389/fmicb.2017.01937
http://doi.org/10.1128/mBio.00218-20
http://doi.org/10.1186/s12866-021-02123-3
http://doi.org/10.1128/spectrum.01308-22
http://www.ncbi.nlm.nih.gov/pubmed/36383025
http://doi.org/10.1016/j.ejogrb.2017.04.040
http://doi.org/10.1016/S1569-9056(19)30077-6
http://doi.org/10.1016/j.urology.2006.02.042
http://www.ncbi.nlm.nih.gov/pubmed/16904444
http://doi.org/10.1128/JCM.42.9.3925-3931.2004
http://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://doi.org/10.1093/oxfordjournals.molbev.a040454
http://www.ncbi.nlm.nih.gov/pubmed/3447015
http://doi.org/10.1007/BF01731581
http://doi.org/10.2307/2408678
http://doi.org/10.1371/journal.pcbi.1005595
http://doi.org/10.1093/bioinformatics/btt086
http://doi.org/10.1093/nar/gkx1068
http://doi.org/10.1093/bioinformatics/btv681
http://doi.org/10.1186/1471-2105-14-60
http://doi.org/10.1099/ijsem.0.004631
http://doi.org/10.1002/9780471729259.mc10a03s05
http://doi.org/10.1016/j.resmic.2022.103987
http://doi.org/10.1038/s41598-018-27629-1
http://doi.org/10.1139/y59-099


Microorganisms 2023, 11, 388 16 of 16

31. Schumann, P.; Kalensee, F.; Cao, J.; Criscuolo, A.; Clermont, D.; Köhler, J.M.; Meier-Kolthoff, J.P.; Neumann-Schaal, M.;
Tindall, B.J.; Pukall, R. Reclassification of Haloactinobacterium glacieicola as Occultella glacieicola gen. nov., comb. nov., of
Haloactinobacterium album as Ruania alba comb. nov, with an emended description of the genus Ruania, recognition that the genus
names Haloactinobacterium and Ruania are heterotypic synonyms and description of Occultella aeris sp. nov., a halotolerant isolate
from surface soil sampled at an ancient copper smelter. Int. J. Syst. Evol. Microbiol. 2021, 71, 4769. [CrossRef]

32. Riegel, P.; De Briel, D.; Prévost, G.; Jehl, F.; Monteil, H.; Minck, R. Taxonomic study of Corynebcterium group ANF-1 strains:
Proposal do Corynebacterium afermentans sp. nov. containing the subspecies C. afermentans subsp. afermentans subsp. nov. and C.
afermentans subsp. lipophilum subsp. nov. Int. J. Syst. Bacteriol. 1993, 43, 287–292. [CrossRef]

33. Riegel, P.; Creti, R.; Mattei, R.; Nieri, A.; von Hunolstein, C. Isolation of Corynebacterium tuscanie sp. nov. from blood cultures of a
patient with endocarditis. J. Clin. Microbiol. 2006, 44, 307–312. [CrossRef]

34. Jackman, P.J.H.; Pitcher, D.G.; Pelczynska, S.; Borman, P. Classification of corynebacterial associated with endocarditis (Group JK)
as Corynebacterium jeikeium sp. nov. Syst. Appl. Microbiol. 1987, 9, 83–90. [CrossRef]

35. Feurer, C.; Clermont, D.; Bimet, F.; Candréa, A.; Jackson, M.; Glaser, P.; Bizet, C.; Dauga, C. Taxonomic characterization of nine
strains isolated from clinical and environmental specimens, and proposal of Corynebacterium tuberculostearicum sp. nov. Int. J. Syst.
Evol. Microbiol. 2004, 54, 1055–1061. [CrossRef]

36. Yassin, A.F.; Steiner, U.; Ludwig, W. Corynebacterium aurimucosum sp. nov. and emended description of Corynebacterium
minutissimum Collins and Jones (1983). Int. J. Syst. Evol. Microbiol. 2002, 52, 1001–1005. [CrossRef]

37. Zasada, A.A.; Mosiej, E. Contemporary microbiology and identification of Corynebacterium spp. causing infections in human. Lett.
Appl. Microbiol. 2018, 66, 472–483. [CrossRef]

38. Luo, Q.; Chen, Q.; Feng, J.; Zhang, T.; Luo, L.; Chen, C.; Liu, X.; Xu, N.; Qu, P. Classification of 27 Corynebacterium kroppenstedtii-like
isolates associated with mastitis in China and descriptions of C. parakroppenstedtii sp. nov. and C. pseudokroppenstedtii sp. nov.
Microbiol Spectr. 2022, 10, e01372-21. [CrossRef] [PubMed]

39. Dangel, A.; Berger, A.; Rau, J.; Eisenberg, T.; Kämpfer, P.; Margos, G.; Contzen, M.; Busse, H.-J.; Konrad, R.; Peters, M.; et al.
Corynebacterium silvaticum sp. nov., a unique group of NTTB corynebacterial in wild boar and roe deer. Int. J. Syst. Evol. Microbiol.
2020, 70, 3614–3624. [CrossRef]

40. Khamis, A.; Raoult, D.; La Scola, B. Comparasion between rpoB and 16S rRNA gene sequencing molecular identification of 168
clinical isolates of Corynebacterium. J. Clin. Microbiol. 2005, 43, 1934–1936. [CrossRef]

41. Boxberger, M.; Antezack, A.; Magnien, S.; Cassir, N.; La Scola, B. Complete genome and description of Corynebacterium incognita
sp. nov.: A new bacterium within the Corynebacterium genus. New Microbes New Infec. 2021, 42, 100893. [CrossRef]

42. Dazas, M.; Badell, E.; Carmi-Leroy, A.; Criscuolo, A.; Brisse, S. Taxonomic status of Corynebacterium diphtheriae biovar Belfant and
proposal of Corynebacterium belfantii sp. nov. Int. J. Syst. Evol. Microbiol. 2018, 68, 3826–3831. [CrossRef]

43. Ramasamy, D.; Mishra, A.K.; Lagier, J.-C.; Padhmanabhan, R.; Rossi, M.; Sentausa, E.; Raoult, D.; Fournier, P.-E. A polyphasic
strategy incorporating genomic data for the taxonomic description of novel bacterial species. Int. J. Syst. Evol. Microbiol. 2014, 64
Pt 2, 384–391. [CrossRef]

44. Jaén-Luchoro, D.; Siles, L.G.; Karisson, R.; Svensson-Stadler, L.; Molin, K.; Cardew, S.; Jensie-Markopolous, S.; Ohlén, M.; Inganãs,
E.; Skovbjerg, S.; et al. Corynebacterium sanguinis sp. nov., a clinical and environmental associated Corynebacterium. Sist. Appl.
Microbiol. 2020, 43, 126039. [CrossRef]

45. Bernard, K.A.; Funke, G. Corynebacterium. In Bergey’s Manual of Systematic of Archaea and Bacteria; Whitman, W.B., Rainey, F.,
Kämpfer, P., Trujillo, M., Chun, J., DeVos, P., Hedlund, B., Dedysh, S., Eds.; John Wiley & Sons, Inc.: Chichester, UK, 2015; pp. 1–70.
[CrossRef]

46. Horn, K.J.; Jaberi Vivar, A.C.; Arenas, V.; Andani, S.; Janoff, E.N.; Clark, S.E. Corynebacterium Species Inhibit Streptococcus
pneumoniae Colonization and Infection of the Mouse Airway. Front. Microbiol. 2022, 12, 804935. [CrossRef] [PubMed]

47. Cogen, A.L.; Nizet, V.; Gallo, R.L. Skin microbiota: A source of disease or defence? Br. J. Dermatol. 2008, 158, 442–455. [CrossRef]
48. Gladysheva, I.V.; Cherkasov, S.V.; Khlopko, Y.A.; Plotnikov, A.O. Genome Characterization and Probiotic Potential of Corynebac-

terium amycolatum Human Vaginal Isolates. Microorganisms 2022, 10, 249. [CrossRef]
49. Bomar, L.; Brugger, S.D.; Yost, B.H.; Davies, S.S.; Lemon, K.P. Corynebacterium accolens Releases Antipneumococcal Free Fatty

Acids from Human Nostril and Skin Surface Triacylglycerols. mBio 2016, 7, e01725-15. [CrossRef] [PubMed]
50. Hardy, B.L.; Bansal, G.; Hewlett, K.H.; Arora, A.; Schaffer, S.D.; Kamau, E.; Bennett, J.W.; Merrell, D.S. Antimicrobial Activity of

Clinically Isolated Bacterial Species Against Staphylococcus aureus. Front. Microbiol. 2020, 10, 2977. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1099/ijsem.0.004769
http://doi.org/10.1099/00207713-43-2-287
http://doi.org/10.1128/JCM.44.2.307-312.2006
http://doi.org/10.1016/S0723-2020(87)80060-7
http://doi.org/10.1099/ijs.0.02907-0
http://doi.org/10.1099/ijs.0.02045-0
http://doi.org/10.1111/lam.12883
http://doi.org/10.1128/spectrum.01372-21
http://www.ncbi.nlm.nih.gov/pubmed/35289670
http://doi.org/10.1099/ijsem.0.004195
http://doi.org/10.1128/JCM.43.4.1934-1936.2005
http://doi.org/10.1016/j.nmni.2021.100893
http://doi.org/10.1099/ijsem.0.003069
http://doi.org/10.1099/ijs.0.057091-0
http://doi.org/10.1016/j.syapm.2019.126039
http://doi.org/10.1002/9781118960608.gbm00026
http://doi.org/10.3389/fmicb.2021.804935
http://www.ncbi.nlm.nih.gov/pubmed/35082772
http://doi.org/10.1111/j.1365-2133.2008.08437.x
http://doi.org/10.3390/microorganisms10020249
http://doi.org/10.1128/mBio.01725-15
http://www.ncbi.nlm.nih.gov/pubmed/26733066
http://doi.org/10.3389/fmicb.2019.02977
http://www.ncbi.nlm.nih.gov/pubmed/32010080

	Introduction 
	Materials and Methods 
	Participants and Sample Collection 
	Culture Conditions and Strain Isolation 
	Phylogenetic Analysis 
	Comparative Genomic Analysis 
	Phenotypic and Chemotaxonomic Analysis 

	Results 
	MALDI-TOF MS Identification 
	Phylogenetic Analyses Based on 16S rRNA and rpoB Genes 
	Genomic Analysis 
	Phenotypic Characterization 
	Chemotaxonomic Characterizations 
	Description of Corynebacterium sp. nov. 

	Discussion 
	Conclusions 
	References

