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Abstract: Corynebacterium rouxii is one of the recently described species of the Corynebacterium
diphtheriae complex. As this species can potentially infect different hosts and harbor the tox gene,
producing diphtheria toxin, we present its first pangenomic analysis in this work. A total of fifteen
genomes deposited in online databases were included. After confirming the taxonomic position of
the isolates by genomic taxonomy, the genomes were submitted to genomic plasticity, gene synteny,
and pangenome prediction analyses. In addition, virulence and antimicrobial resistance genes were
investigated. Finally, epidemiological data were obtained through molecular typing, clustering,
and phylogenetic analysis. Our data demonstrated genetic diversity within the species with low
synteny. However, the gene content is extensively conserved, and the pangenome is composed
of 2606 gene families, of which 1916 are in the core genome and 80 are related to unique genes.
Prophages, insertion sequences, and genomic islands were found. A type I-E CRISPR-Cas system
was also detected. Besides the tox gene, determinants involved in adhesion and iron acquisition and
two putative antimicrobial resistance genes were predicted. These findings provide valuable insight
about this species’ pathogenicity, evolution, and diversity. In the future, our data can contribute to
different areas, including vaccinology and epidemiology.

Keywords: Corynebacterium rouxii; Corynebacterium diphtheriae complex; virulence factors; antimicro-
bial resistance genes; CRISPR-Cas system; pangenome

1. Introduction

Corynebacterium comprises a collection of aerobic or facultatively anaerobic, non-acid-
fast, non-spore-forming, and irregular rod-shaped microorganisms with a high GC content.
The type species is Corynebacterium diphtheriae, known as the main etiological agent of
diphtheria, a contagious infection that can affect the respiratory tract and skin. The main
signs and symptoms result from the action of diphtheria toxin (DT), an exotoxin produced
by the microorganism when lysogenized by phages carrying the tox gene [1].

Despite advances resulting from universal vaccination programs with the diphthe-
ria toxoid, which drastically reduced the number of cases worldwide, diphtheria is still
reported even in immunized individuals [2,3]. In recent years, the number of cases and
outbreaks of diphtheria have been reported in several countries, including Brazil, where

Bacteria 2024, 3, 99–117. https://doi.org/10.3390/bacteria3020007 https://www.mdpi.com/journal/bacteria

https://doi.org/10.3390/bacteria3020007
https://doi.org/10.3390/bacteria3020007
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/bacteria
https://www.mdpi.com
https://orcid.org/0009-0007-6773-0381
https://orcid.org/0000-0002-3293-8496
https://orcid.org/0000-0001-8326-3612
https://orcid.org/0000-0002-7063-6720
https://orcid.org/0000-0002-7017-6437
https://orcid.org/0000-0001-7299-3724
https://orcid.org/0000-0002-4775-2280
https://doi.org/10.3390/bacteria3020007
https://www.mdpi.com/journal/bacteria
https://www.mdpi.com/article/10.3390/bacteria3020007?type=check_update&version=1


Bacteria 2024, 3 100

diphtheria is endemic, as well as Austria, Belgium, France, Norway, Switzerland, and the
United Kingdom [2–6].

Besides C. diphtheriae, the closely related species Corynebacterium belfantii, Corynebac-
terium pseudotuberculosis, Corynebacterium rouxii, Corynebacterium silvaticum, and Corynebac-
terium ulcerans, which form the C. diphtheriae complex, can also harbor the tox gene and
produce DT [7–9].

C. rouxii was described in 2020 based on the genomic taxonomy of six atypical maltose-
negative strains, isolated from humans and one dog, previously identified as C. diphtheriae
biovar Belfanti [10]. In this same study, atypical biovar Belfanti strains isolated from cats
in the USA [9] were also reclassified as C. rouxii. Considering these recent taxonomic
reclassifications, some earlier names should be corrected to C. rouxii. Until this moment,
the latest cases of C. rouxii infection have been reported in the USA [11], Germany [12],
Spain [13], and Brazil [14].

In the present work, we present the first pangenomic analysis of C. rouxii, contributing
to the identification of potential virulence factors and genes related to antimicrobial resis-
tance and a better understanding of the pathogenic potential and evolution of this recently
described species of Corynebacterium.

2. Materials and Methods
2.1. Genome Data Retrieval from Public Database

For comparative analysis of C. rouxii, we used the National Center of Biotechnology
Information (NCBI—https://www.ncbi.nlm.nih.gov/, accessed on 12 January 2024) and
the European Nucleotide Archive (ENA—https://www.ebi.ac.uk/ena/browser/home,
accessed on 14 January 2024) databases to retrieve the genomic sequences. A total of
15 genomes of C. rouxii were downloaded in nucleotide FASTA format from NCBI and in
text-based format FASTQ from ENA. The quality analysis of the sequences was performed
using FastQC (https://github.com/s-andrews/FastQC, accessed on 21 January 2024). All
genomes downloaded from ENA were assembled using Unicycler v.0.5.0 (https://github.
com/rrwick/Unicycler, accessed on 21 January 2024) and contigs with less than 200 bp
were trimmed. To evaluate the guanine and cytosine (GC) content, size, and fragmentation
of the genomes, we used QUAST (https://github.com/ablab/quast, accessed on 22 January
2024). The completeness and contamination levels were estimated using CheckM2 (https:
//github.com/chklovski/CheckM2, accessed on 22 January 2024) and the completeness
of rRNA genes was estimated using Barnapp (https://github.com/tseemann/barrnap,
accessed on 22 January 2024). Information about the sequences is provided in Table 1. All
genomes were annotated using Prokka v.1.14.6 (https://github.com/tseemann/prokka,
accessed on 22 January 2024) [15].

Table 1. Information about the fifteen genomic sequences of C. rouxii strains.

Strain Database Status Size (Mb) CDS GC% BioSample Country Host Reference
Article

FRC0190T NCBI Complete 2,451,019 2366 53 SAMEA5992727 France Human [10]
21395 NCBI Draft 2,357,570 2238 53 SAMN35995151 Brazil Dog Current study
58111 NCBI Draft 2,354,960 2241 53 SAMN35995239 Brazil Dog Current study
70862 NCBI Draft 2,399,341 2447 53 SAMN34030355 Brazil Cat [14]
70863 NCBI Draft 2,380,082 2397 53 SAMN34030356 Brazil Cat [14]

FRC0071 ENA Reads 2,400,198 2321 53 SAMEA5992726 France Human [10]
FRC0284 ENA Reads 2,381,258 2302 53 SAMEA5992728 France Human [10]
FRC0297 ENA Reads 2,272,976 2165 53 SAMEA5992729 France Human [10]
FRC0412 ENA Reads 2,385,950 2322 53 SAMEA5992730 France Dog [10]
FRC0527 ENA Reads 2,390,401 2315 53 SAMEA5992731 France Human [10]
PC0230 ENA Reads 2,430,051 2362 53 SAMN13343876 USA Cat [11]
PC0231 ENA Reads 2,430,200 2362 53 SAMN13343877 USA Cat [11]
PC0226 ENA Reads 2,430,047 2359 53 SAMN13343873 USA Cat [11]
PC0229 ENA Reads 2,429,572 2364 53 SAMN13343875 USA Cat [11]

CS30 ENA Reads 2,345,163 2260 53 SAMEA7617347 Spain Human [13]

https://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/ena/browser/home
https://github.com/s-andrews/FastQC
https://github.com/rrwick/Unicycler
https://github.com/rrwick/Unicycler
https://github.com/ablab/quast
https://github.com/chklovski/CheckM2
https://github.com/chklovski/CheckM2
https://github.com/tseemann/barrnap
https://github.com/tseemann/prokka
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2.2. Taxonomy, Typing, and Phylogeny

The taxonomy of the strains was determined using TYGS (https://tygs.dsmz.de/,
accessed on 3 February 2024). Sequence type (ST) was determined in silico considering
seven housekeeping genes, atpA, dnaE, dnaK, fusA, leuA, odhA, and rpoB, according to
the MLST scheme defined in PubMLST [16] and using the FastMLST script (https://
github.com/EnzoAndree/FastMLST, accessed on 3 February). Average Nucleotide Identity
(ANI) values among the C. rouxii strains were calculated using PyANI v.0.2.12 (https://
github.com/widdowquinn/pyani, accessed on 6 February 2024). DNA-DNA hybridization
(DDH) was determined in silico for the genomes using the Type (Strain) Genome Server
(https://tygs.dsmz.de, accessed on 6 February 2024). Genomes were clustered using
PopPUNK v.2.6.0 [17], and the network was visualized using Cytoscape v.3.10.1 [18].

The phylogenetic tree based on the MLST scheme was built using OrthoFinder pipeline
v.2.5.5 (https://github.com/davidemms/OrthoFinder, accessed on 22 March 2024) with
the MAFFT algorithm [19] for protein sequence alignment and FastTree (http://www.
microbesonline.org/fasttree/, accessed on 22 March 2024) for tree inference (parameter “-M
msa”). The tree was visualized using iTOL v.6 (https://itol.embl.de/, accessed 22 March
2024). For the wgMLSTtree, whole genome sequences were uploaded into PGAdg-builder
(http://wgmlstdb.imst.nsysu.edu.tw/, accessed on 24 March 2024), and the core genes
with default parameters (90% coverage and 90% identity) were chosen [20].

2.3. Prediction of Mobile Genetic Elements, CRISPR-Cas Systems, and Genomic Islands

PlasmidFinder v.2.1.6 was used for the in silico detection of plasmids [21], and Inte-
gronFinder v.2.0 was used for identifying and analyzing integrons across the genomes [22].
The prophage sequences were identified and annotated with Phage Search Tool Enhanced
Release (PHASTER) [23]. Average Nucleotide Identity (ANI) values were calculated among
the predicted intact prophages and their closest phages using PyANI v.0.2.12. Prophage
regions with ANI identity values > 95.0% were aligned using tblastx [24], and compared
and visualized using the Easyfig application [25]. Moreover, the Insertion Sequences (IS)
were identified using ISEScan [26]. CRISPRCasFinder v.1.1.2 was used to analyze the
presence of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs) and
Cas proteins [27]. In our analyses, we included only CRISPR arrays with evidence levels
equal to 3 or 4 [27], and the type of CRISPR-Cas cassette was determined following the
previously described nomenclature and classification [28]. Spacer sequences were analyzed
for their identity in the CRISPRTarget database [29]. Spacer hits were selected from the
CRISPRTarget with a cut-off Identity Cover (IC) score above 0.80 [30].

The prediction of putative genomic islands was performed using GIPSy v.1.1.2 [31], with
Corynebacterium glutamicum ATCC 13,032 (GenBank accession number GCA_000011325.1)
as a reference for non-pathogenic closely related organism [32]. Circular genome map
comparisons were built using BRIG (Blast Ring Image Generator) software v.0.95 [33],
including reference positions for antimicrobial resistance genes, virulence factors, and
genomic islands. Functional annotation was performed with EggNOG-mapper v.2.1.11 [34]
to explore the genes in the islands.

2.4. Gene Synteny

The software Mauve v.20150226 and the progressive Mauve algorithm were used to
construct multiple genome alignments, which provided information about evolutionary
events such as rearrangement and inversion [35].

2.5. Virulence Factors and Antimicrobial Resistance Genes

VFanalyzer was implemented to screen potential virulence factors in all C. rouxii strains
using the VFDB (Virulence Factor Database) database [36]. Additionally, we used PanViTa
v.1.1.3 [37] to search for antimicrobial resistance genes and virulence genes using the CARD
(Comprehensive Antibiotic Resistance Database) and VFDB databases, respectively, for
more accurate results. The phylogeny of the tox gene from C. rouxii and other species from

https://tygs.dsmz.de/
https://github.com/EnzoAndree/FastMLST
https://github.com/EnzoAndree/FastMLST
https://github.com/widdowquinn/pyani
https://github.com/widdowquinn/pyani
https://tygs.dsmz.de
https://github.com/davidemms/OrthoFinder
http://www.microbesonline.org/fasttree/
http://www.microbesonline.org/fasttree/
https://itol.embl.de/
http://wgmlstdb.imst.nsysu.edu.tw/
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the C. diphtheriae complex was inferred from the maximum likelihood method based on the
Tamura 3-parameter model using Mega v6 and bootstrap values with 1000 replicates [38].

2.6. Pangenome Development and Functional Annotation

Pangenomic analysis was performed with the Bacterial Pan Genome Analysis pipeline
(BPGA) v.1.3, using the following options to configure the analysis: 50% identity cut-off and
USEARCH as a default-clustering tool [39]. According to Clusters of Orthologous Groups
(COG), the coding sequences (CDS) of the core genome, accessory, and unique gene subsets
were aligned and classified based on the functional categories [40]. EggNOG-mapper
v.2.1.11 was used to perform the functional annotation according to orthologous genes [34].
DIAMOND v2.0.14.152 (https://github.com/bbuchfink/diamond/releases, accessed on
10 March 2024) was chosen for the initial sequence-mapping step by eggNOG-mapper.
The most suitable matching of sequence mapping was classified according to its taxonomy.
Finally, it was categorized and annotated according to gene ontology (GO) [41], KEGG
pathways [42], and COG functional categories [43], which have several categories.

3. Results
3.1. Taxonomy, Typing, and Phylogeny

All strains were classified as C. rouxii by TYGS (Supplementary Table S1). Six different
STs were identified: 74 (USA, cat), 181 (France, human), 537 (France, human; Spain, human),
538 (France, dog), 899 (Brazil, cat), and 918 (Brazil, dog) (Supplementary Table S2). The
ANI values among strains ranged from 0.98 to 1.0 (Supplementary Figure S1). The strains
formed five clusters. Four of them had the same host and country: Cluster 1 (USA, cat),
Cluster 2 (France, human), Cluster 4 (Brazil, dog), and Cluster 5 (France, dog). Cluster 3
had isolates from cats in Brazil, humans in France, and humans in Spain (Supplementary
Figure S2).

The phylogenetic tree based on the MLST scheme showed two main clades. The first
clade contained only the American strains (PC0226, PC0229, PC0230, and PC0231), while
the other clade contained the Brazilian, French, and Spanish strains, composed of two main
subclades. In the first one, only the French strains were clustered, as FRC0190T, FRC0284,
FRC0071, and FRC0527 had more phylogenetic proximity than FRC0412. In the other
subclade, we could observe that the Brazilian strains clustered and separated from the
French and Spanish strains. However, 70862 and 70863 demonstrated more phylogenetic
proximity with the latter than 21395 and 58111 (Figure 1). No phylogenetic difference was
observed when constructing the wgMLSTtree (Supplementary Figure S3).

3.2. Prediction of Mobile Genetic Elements, CRISPR-Cas Systems, and Genomic Islands

The analysis performed with PlasmidFinder v.2.1.6 did not detect plasmids in the
genomes of any strain, and IntegronFinder v.2.0 did not identify any integrons in the
genomes.

Using PHASTER, we predicted 57 prophage regions, which were classified into intact
(n = 3), incomplete (n = 46), and questionable (n = 8). Detailed information is presented
in Supplementary Table S3. A total of 25 different phages were found. The most common
phage was Corynebacterium Poushou, present in 12 strains, followed by Gordonia GMA5 and
Rhodococcus Sleepyhead, present in seven and five strains, respectively. Intact prophages
were found in the genomes of the 58111, PC0226, and PC0231 strains. After the analysis of
ANI values considering all matching regions between intact prophage regions of C. rouxii
and the most common phages, we realized that the ANI value between PC0226 and PC0231
was 1.0, and the ANI value between PC0226 and Escherichia phage lato was 0.99, as well
as between PC0231 and Escherichia phage lato. On the other hand, 58,111 prophages did
not present identity with any of the closest phages detected by PHASTER (Supplementary
Figure S4).

https://github.com/bbuchfink/diamond/releases
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Figure 1. Phylogenetic tree based on MLST scheme showing the relationship between all genomes
of C. rouxii strains. The tree was built using OrthoFinder pipeline v.2.5.5 and distance was inferred
based on neighbor joining (p-distance). Bootstrap values with 1000 replicates. The scale bar indicates
0.01% divergence. C. belfantii FRC0043T was used as an outgroup.

The image generated using the Easyfig application shows the identity between the
intact prophages from the PC0226 and PC0231 strains and the similar products of the genes
present in these regions, such as C protein, gpA protein, minor and major spike proteins,
capsid, DNA packaging, and external scaffolding proteins (Figure 2A). The gpA protein
of the PC0231 prophage was found to be translocated and 1179 bases were deleted when
compared with the same protein in the PC0226 prophage. On the other hand, the intact
prophage from the 58111 strain, more significant than the others, presented the following
products in its region: recombination, tail fiber, tail assembly, capsid decoration, phage
portal major proteins, besides terminals, head maturation protease, methyltransferase, and
some hypothetical proteins (Figure 2B).

The prediction of insertion sequences carried out in ISEScan revealed the following
numbers of elements in the genome of each strain: FRC0190T (IS = 33); FRC0071 and
FRC0412 (IS = 32); 21395 and 58111 (IS = 30); FRC0284 (IS = 29); 70862 and 70863 (IS = 28);
FRC0527 (IS = 27); PC0226 (IS = 26); PC0230, PC0231, and CS30 (IS = 25); and FRC0297 and
PC0229 (IS = 24). The IS were grouped into seven families (IS110, IS21, IS256, IS3, IS30, IS5,
and ISL3). Information about the number of IS families in each strain is in Supplementary
Table S4.
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using Easyfig, and the main products present in each region. The BLAST identity scale is shown on
the right with matches ranging from 45% to 100% identity. (B) Products of genes present in C. rouxii
58,111 strain using Easyfig.

The CRISPRCasFinder server identified the type I-E CRISPR-Cas system, lacking the
cas3 gene in all strains. A total of 13 regions related to CRISPR were detected with an
evidence level equal to 4 (Supplementary Table S5). FRC0284 and CS30 were the unique
strains that did not present a CRISPR system with high precision for spacer repetition and
similarity. Analysis of the spacer diversity among all of the CRISPR arrays found 292 spacer
sequences, in which the FRC0412 strain carried the largest number of them (70 spacers).
The other strains presented the following numbers of sequences: FRC0190T (33 spacers);
21395, 58111, and FRC0071 (29 spacers); FRC0527 (22 spacers); FRC0297 (17 spacers); 70862
and 70863 (16 spacers); PC0226, PC00229, and PC0230 (8 spacers); and PC0231 (7 spacers).
All spacers with values above 80% identity from the CRISPRTarget server are presented in
Supplementary Table S5.

Figure 3 shows the similarity between FRC0190T and the other C. rouxii genomes,
providing comparative genomic plasticity results. The GC content was 53.81%. Considering
only strong predictions, it was possible to check the presence of nine genomic islands
(GI 1–GI 9). We found several genes involved in biological processes: transport (ABC and
serine transporter), adherence (spaD-type pili), uptake and translocation of the essential
macronutrient phosphorus (phosphate transporter), iron uptake, and the siderophore
biosynthesis system (ciuABCD).
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Figure 3. Circular comparative map of all complete genomes of C. rouxii using BRIG. As a reference
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with the first three rings showing its size, GC content, and GC skew. Each outer ring represents the
complete genome of one specific strain of C. rouxii. The genomic islands are represented by arcs
in red color, the virulence factors by the maroon default, and antimicrobial resistance genes by the
blue default.

3.3. Gene Synteny

After multiple alignments between FRC0190T and the other C. rouxii genomes, it was
possible to visualize that, although the gene content was conserved inside the blocks, the
strains presented rearrangements over large parts of the genome, including inversions and
translocations. Some deletion blocks, mainly at the ends of the genomes, were also visible.
These results are presented in Supplementary Figure S5.

3.4. Virulence Factors and Antimicrobial Resistance Genes

As observed in Figure 4, compared to VFDB reference C. rouxii FRC0190T, the tox gene
was identified in four strains (PC0226, PC0229, PC0230, and PC0231), and the sequences
of this gene differed from that found in C. diphtheriae, C. pseudotuberculosis, C. silvaticum,
and C. ulcerans (Figure 5). Additionally, as shown in Figure 4, in all strains, except the
FRC0527 strain, a complete pilus cluster (spaABC) was detected, and in the FRC0190T,
70862, 70863, FRC0297, and CS30 strains, an incomplete spaDEF (only spaD) was detected.
In all strains, genes involved in the ABC transporter, ABC-type heme transporter, and Ciu
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iron uptake systems were detected. All strains, except 21395, 58111, 70862, and 70863, also
presented the ciuD gene. FRC0297 was the unique strain in which no gene involved in a
siderophore-dependent iron uptake system was detected. Some genes, such as dtxR, embC,
and mptC, were also predicted in all strains, including rpoB2 and rbpA.

Bacteria 2024, 3, FOR PEER REVIEW  8 
 

and C. ulcerans  (Figure 5). Additionally, as shown  in Figure 4,  in all strains, except  the 

FRC0527 strain, a complete pilus cluster  (spaABC) was detected, and  in  the FRC0190T, 

70862, 70863, FRC0297, and CS30 strains, an incomplete spaDEF (only spaD) was detected. 

In all strains, genes involved in the ABC transporter, ABC‐type heme transporter, and Ciu 

iron uptake systems were detected. All strains, except 21395, 58111, 70862, and 70863, also 

presented the ciuD gene. FRC0297 was the unique strain in which no gene involved in a 

siderophore‐dependent iron uptake system was detected. Some genes, such as dtxR, embC, 

and mptC, were also predicted in all strains, including rpoB2 and rbpA. 

 

Figure 4. Distribution of virulence factors in each C. rouxii genomic sequence. For better understand‐

ing, virulence factors are grouped into functional classes, represented by a specific color according 

to the legend. 
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the legend.

3.5. Pangenome Development and Functional Annotation

For the pangenome analysis of C. rouxii, we predicted 2606 gene families (Figure 6A),
including 1916 in the core genome (73.5%), 610 related to accessory genes (23.4%), and 80
related to unique genes (3.1%). The distribution of accessory and unique genes in each
strain is shown in Figure 6B. The α value was less than 1, approximately 0.95 (α = 1 − 0.05).

The distribution of COG functional classifications in the pangenome of the C. rouxii
strains showed the prevalence of several categories according to the organization of
genes into core, accessory, and unique groups (Figure 7). The main COG subcategories
in the core genome were amino acid transport and metabolism (10.7%); translation, ri-
bosomal structure, and biogenesis (8.5%); transcription (7.0%); replication, recombina-
tion, and repair (6.7%); and inorganic ion transport and metabolism (6.5%). Accessory
genes were mainly related to replication, recombination, and repair (17.6%); inorganic
ion transport and metabolism (9.9%); transcription (7.8%); amino acid transport and
metabolism (5.2%); and cell wall/membrane/envelope biogenesis (5.2%). On the other
hand, unique genes were mainly involved in replication, recombination, and repair (34.0%);
defense mechanisms (16.5%); carbohydrate transport and metabolism (16.5%); and cell
wall/membrane/envelope biogenesis (16.5%). A total of 204 genes presented function un-
known, comprising 128 genes (6.7%) in the core genome and 76 genes (12.4%) in accessory
genes (Figure 7). The functional annotation of KEGG is shown in Figure 8.
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Figure 6. Pangenome development. (A) Pangenome growth curve with Heap’s law using the BPGA
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the number of unique genes is in the parentheses.
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4. Discussion

In recent years, taxonomic analysis based on the genome of C. diphtheriae strains led
to the description of the novel species C. belfantii and C. rouxii [8,10]. Until now, C. rouxii
has been found to cause different infections in humans, dogs, and cats [9–14]. Although
the potential to infect other host species and to produce DT is a matter of concern, few
studies in the literature have focused on the virulence factors, mechanisms of antimicrobial
resistance, and metabolic pathways of this species. In this sense, we performed the first
pangenomic analysis of this species, providing valuable insight into its pathogenicity,
evolution, and diversity.

Additionally, to ensure the quality of data, the 15 strains for which their genomes
were deposited in the NCBI and ENA databases were first confirmed based on dDDH
and ANI values, which were consistent with values above the proposed cut-off points for
species limit, corroborating identification of the strains as C. rouxii. Considering the need
to obtain epidemiological data on this emerging pathogen, we also submitted the genomes
to molecular typing, clustering, and phylogenetic analysis.

MLST has been widely used in different countries for genotyping circulating C. diphthe-
riae and C. ulcerans strains and in investigations of diphtheria outbreaks [44–46]. With the
description of novel species of the C. diphtheriae complex, the MLST scheme has also been
applied to typing the isolates of these species. In our analyses, six STs could be attributed to
the C. rouxii strains. More than one ST was attributed to isolates from each host species (hu-
man, cat, and dog), showing a certain genetic diversity. No ST was found simultaneously
in animal and human isolates. Moreover, ST-537 was found in two European countries,
France and Spain, which alerts for a possible circulation of this ST in these countries.

Classical MLST is typically based on sequences from only seven housekeeping genes;
hence, this approach does not fully exploit core and accessory genomic variation. It
cannot further discriminate genetically related isolates within STs [17,47]. Thus, we also
performed a population analysis and clustering with PopPUNK software. In addition,
we constructed a phylogenetic tree based on wgMLST to investigate the genetic diversity
between our isolates and compare MLST and PopPUNK results. All of the analyses showed
the genetic diversity of C. rouxii. Although MLST and PopPUNK provided similar results,
the phylogenetic analysis revealed the little greater discriminatory power and typeability
of MLST. Further studies, including more isolates, should be performed to confirm this
divergence. As expected, wgMLST was the optimal method for molecular subtyping
C. rouxii isolates. Considering that whole genome sequencing is not accessible in many
countries, MLST appears to be a satisfactory alternative tool for epidemiological studies
involving this species.

It is known that bacterial adaptive evolution relies on the diversity of gene repertories
of the species, which can be affected through a variety of processes, including horizontal
gene transfer (HGT). In addition to gene acquisition, HGT can result in events of rearrange-
ment and deletions, leading to remarkable changes in the genome over relatively short
periods. HGT is one of the main processes responsible for acquiring virulence factors and
antibiotic resistance, and it may change the pathogenic profile of bacterial species [48–50].
Thus, the 15 genomes used in this study were analyzed regarding the occurrence of gene
duplication, rearrangements, and deletions and the presence of mobile elements, includ-
ing insertion sequences and genomic islands. Verifying several rearrangement events,
including inversions, translocations, and deletions, was possible.

It is known that plasmids can be responsible for conferring a selective advantage
to bacteria, such as antimicrobial resistance or virulence genes [51]. This can drastically
change the prevalence of bacterial clones that are more virulent or multidrug-resistant,
facilitating their rapid evolution and adaptation abilities [52]. Although plasmids were
not detected in any C. rouxii strain in the present work, they were previously reported
in C. diphtheriae strains, including a 14.4 kb plasmid, pNG2, which, despite not having
any important function in toxicity, can encode erythromycin resistance [53,54]. More
recently, a multi-resistance plasmid (pLRPD) carrying genes related to penicillin (pbp2m,



Bacteria 2024, 3 110

blaB), sulfamethoxazole (sul1), trimethoprim (dfrA16), erythromycin (erm), and tetracycline
resistance (tetA family tet(Z)-like) was also predicted in C. diphtheriae [55].

Moreover, our analyses did not identify any integron in the C. rouxii genomes. In-
tegrons are genetic elements that capture and incorporate gene cassettes by site-specific
recombination, converting them into functional genes. They are composed of genes for
integrase (int) and an adjacent recombination site (attI). Gene cassettes are not necessarily
part of an integron but can be incorporated [56]. The same result was obtained in a previous
study evaluating the antimicrobial resistance in C. pseudotuberculosis, and no integron was
identified [57]. Differently, a recent study detected in C. diphtheriae an integron flanked by
two insertion sequences (IS6100 and IS1628), comprising genes involved in the resistance
to trimethoprim (dfrA16), sulfamethoxazole (sul1), chloramphenicol (cmlA), and amino-
glycosides (aad1) [58]. A class 1 integron mobilized by IS6100 and carrying some of these
genes (dfrA16, sul1) had already been identified in the genome of a C. diphtheriae strain [59].
Interestingly, in the pLRPD of C. diphtheriae, some of the antimicrobial resistance genes
(dfrA16, sul1) were found in a truncated class 1 integron [55].

The genome of C. diphtheriae complex strains has been characterized by presenting
several prophages that are an essential source of genomic plasticity in these species [60].
We identified many incomplete prophage sequences, probably due to the draft or reads
sequence status of the genome data retrieved from a public database. On the other hand,
we predicted two intact prophages in the 58111, PC0226, and PC0231 strains. The GC
content of these prophage sequences was less than the average GC content of 53.0% of C.
rouxii genomes, except for the 58111 strain.

The Corynebacterium phage phi673 (GenBank accession number NC042354), predicted
in the 58111 strain, belongs to the Siphoviridae family, and was first found as a lytic phage
in C. glutamicum ATCC 13,032 [61]. The prophage Entero lato (Escherichia phage phiX174;
GenBank accession number J02482.1), found in the PC0226 and PC0231 strains, belongs to
the Microviridae family and has a long history of use in several molecular applications [62].
It is commonly found infecting Escherichia coli but was also previously reported in ESBL-
producing Klebsiella pneumoniae isolates. Since our analyses did not show the presence of
prophage-encoding resistance and virulence genes, it seems that they are not acting as
vectors for disseminating these genes within our strains.

Insertion sequences (IS) are simple and small mobile genetic elements found in most
bacterial genomes. A particular bacterial genome can present different types of IS in a wide
range of copy numbers. They can move within the genome and be horizontally transferred
as part of other mobile elements, such as phages and plasmids, and they can affect the
genome structure and gene expression [63–65]. Presently, seven IS families were found in
C. rouxii genomes (IS110, IS21, IS256, IS3, IS30, IS5 and ISL3). Among those, IS3, one of the
largest IS families widely distributed in nature [66], had the highest number of copies in the
C. rouxii strains. All IS families in our strains were reported previously in Corynebacterium
striatum isolates [63,66]. In this species, IS110, IS30, IS21, and especially IS3 and IS256
families were associated with antimicrobial resistance [63,66]. The association of IS families
with antimicrobial resistance was also verified for other Corynebacterium species, including
C. diphtheriae (IS3) and Corynebacterium jeikeium (IS3 and IS256) [66].

Genomic islands are part of the flexible bacterial gene pool that harbors genes derived
from mobile elements. They often carry gene clusters with specific functions that can
provide a selective advantage to the microorganism. For instance, some genomic islands
encode iron-uptake systems, while others carry genes encoding antimicrobial resistance or
virulence factors [49]. We investigated the presence and composition of genomic islands
in the C. rouxii strains. In the nine genomic islands predicted, several genes were found,
including those encoding phage integrases and transposases, in addition to genes involved
in acquiring and transporting nutrients and adherence. However, no gene related to
antimicrobial resistance was found. These results suggest that genomic islands in C. rouxii,
to date, can contribute to establishing and disseminating this bacterial species in the
environment or a host. Still, they are not related to antimicrobial resistance.
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CRISPR-Cas is an essential adaptive immune system that helps bacteria and archaea
cells not to be infected by phages, viruses, and other foreign genetic elements [67]. This
system comprises a CRISPR cluster containing an array of short, direct repeats interspersed
with spacer sequences and CRISPR-associated genes (cas) [68]. In this study, we found the
type I-E CRISPR-Cas system in all strains. CRISPR-Cas systems, especially type I-E, have
been reported in Corynebacterium species, including those belonging to the C. diphtheriae
complex. In C. diphtheriae strains, besides type I-E CRISPR-Cas, types II and III have already
been detected and reported [69]. Using the CRISPRTarget server, the spacer sequences of
the strains matched most frequently with corynebacterial (C. diphtheriae and C. ulcerans),
Rhodococcus phages, and Corynebacterium phage BFK20, present in the pathogenicity island
of C. pseudotuberculosis isolated from buffalo [70]. Some spacers also matched with other
phages found in Staphylococcus phage phi7401PVL and Pseudomonas mendocina S5.2.

The production of DT after lysogenization by corynebacteriophages that harbor the tox
gene has already been verified in the species C. diphtheriae, C. ulcerans, and C. pseudotubercu-
losis [71]. For the other species forming the C. diphtheriae complex, there is a consideration
that they are potentially toxigenic. To date, no study has demonstrated the presence of
the tox gene in C. rouxii genomes. In our study, we detected the presence of this important
gene in four strains (PC0226, PC0229, PC0230, and PC0231), all isolated from animal hosts.
The sequence of the tox gene was similar in all isolates and differed from that found in C.
diphtheriae, C. pseudotuberculosis, C. silvaticum, and C. ulcerans. In agreement with a previous
study, the tox genes isolated from C. diphtheriae strains had more phylogenetic proximity
with those isolated from C. ulcerans [70]. In contrast, in our research, the tox genes isolated
from C. rouxii had more phylogenetic proximity with C. pseudotuberculosis and C. silvaticum.
Notification of potentially toxigenic corynebacteria in animals is not mandatory in most
countries; thus, epidemiological data are scarce [72]. However, the presence of the tox gene
in these species, which are already isolated from humans and animals, may advise about
the risk of dissemination of diphtheria.

In the present study, we detected several virulence factors for which their importance
has already been demonstrated in previous studies with C. diphtheriae and other species.
The embC and mptC genes were identified in all genomes and are related to CdiLAM, which
is responsible for forming the characteristic cell envelope in C. diphtheriae strains [73]. The
gene cluster spaABC was detected in all strains, encoding the pili SpaA, which is relevant in
the adherence to pharyngeal epithelial cells [74]. The surface-anchored pilus protein spaD,
involved in adherence, was found in only the FRC0190T, 70862, 70863, FRC0297, and CS30
strains.

Several systems have been related to iron acquisition in C. diphtheriae and related
species, including the fagABC operon, which is associated with the fagD gene [75], the irp6
operon (irp6ABC) [76], and the ciu gene cluster, formed by the genes ciuA, ciuB, ciuC, ciuD,
and ciuE [77]. Our data revealed the presence of the fagABC operon in all C. rouxii strains.
The irp6 operon was not detected in the FRC0297 genome, ciuD in the Brazilian strains
21395, 58111, 70862, and 70863, as well as ciuE, which was absent in all strains. The absence
of these genes may reduce siderophore production and iron uptake.

The iron acquisition from hemin by C. diphtheriae requires the ABC-type hemin trans-
porter, HmuTUV, and three hemin-binding proteins (HtaA, HtaB, and HtaC) [78,79]. Unlike
previously observations for C. diphtheriae [80], in the present study, only the hmuTUV clus-
ter was detected entirely in all genomes, suggesting a decreased ability to use hemin as
the sole iron source. We detected the dtxR gene in all strains, which encodes DtxR, a
protein involved in the regulation of DT expression and the synthesis and production of
siderophore, besides regulating some other promoters [81]. In addition, DtxR and iron
regulate a complex network of genes involved in iron metabolism, including the operon
irp6 and the ciu gene cluster [82].

As presented in Figure 3, the genes rbpA and rpoB2, previously associated with ri-
fampin resistance [55,83–86], were predicted in all genomes. However, additional studies
are needed to demonstrate how this resistance occurs in Corynebacterium species.
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Across the 15 genomes, we identified a pangenome composed of 2606 gene families,
of which 1916 were in the core genome, 610 were in the accessory genome, and 80 were
related to unique genes. When α < 1.0, the pangenome is considered open, which means its
size will continuously increase when adding new genomes. In contrast, when α > 1, the
pangenome is considered closed, meaning that no substantial number of extra genes can
be added to the pangenome [87,88]. Our analysis found an alpha value less than 1 (0.95),
indicating an open pangenome near to being closed as genes are added. Moreover, there
was considerable variation in the number of unique genes, where some strains had more
genes, being more variable than others. For example, FRC0190T had 28 unique genes, while
PC0226, PC0229, PC0230, and PC0231 did not have any exclusive genes. It is important to
emphasize that the number of genomes in this study was not large, and the composition of
the pangenome can change as more genomes are sequenced. Since the first description of
the C. rouxii strain in 2020, a relatively small number of genomes of this species has been
sequenced thus far compared to other related ones belonging to the C. diphtheriae complex.
So, when comparing the C. rouxii and C. silvaticum pangenomes, we noticed that they had
similar alpha values, in which some studies have shown values between 0.95 and 0.97 for
the latter species [84,89]. Moreover, core genome and singleton analyses agreed with this
clonal-like behavior in other complex species. They can also be inferred from pangenome
data, in which C. pseudotuberculosis, C. ulcerans, and C. diphtheriae had alpha values of 0.89,
0.81, and 0.69, with pangenomes composed of 54%, 40%, and 34% core genes families,
respectively [89–91].

The distribution of COG showed a high percentage of genes related to replication,
recombination, repair, transcription, and amino acid transport and metabolism in the core
and accessory genomes of the C. rouxii pangenome. This finding was similar to the results
reported for the C. silvaticum and C. ulcerans core genomes [91]. However, regarding the ac-
cessory genome in C. ulcerans, most genes were involved in translation, ribosomal structure,
and biogenesis; lipid and inorganic ion transport and metabolism; and post-translational
modification, protein turnover, and chaperones. Most of the differences were found when
the C. rouxii and C. diphtheriae core genomes were compared, mainly because the latter was
composed of genes related to the cell wall, membrane, and envelope biogenesis; carbohy-
drate transport and metabolism; and nucleotide transport and metabolism [92]. Regarding
the accessory genome in C. diphtheriae, genes were mainly involved in transporting and
metabolizing carbohydrates, lipids, and inorganic ions [93].

These findings are relevant for future studies focusing on the search for resistance and
virulence genes. They contribute to different areas, including vaccinology and epidemiol-
ogy. However, they should be corroborated through in vitro and in vivo experimentation.
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