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Abstract: Oxazolidinone resistance, especially transmissible resistance, is a major public health
concern, and the origin of this resistance mechanism is not yet resolved. This study aims to delve
into the phylogenetic origin of the transmissible oxazolidinone resistance mechanisms conferring
cross-resistance to other drugs of human and veterinary importance. The amino acid sequences of
the five cfr ribosomal methylases and optrA and poxtA were used as queries in searches against
219,549 bacterial proteomes in the NCBI RefSeq database. Hits with > 40% amino acid identity and
>80% query coverage were aligned, and phylogenetic trees were reconstructed. All five cfr genes
yielded highly similar trees, with rlmN housekeeping ribosomal methylases located basal to the
sister groups of S-adenosyl-methionine-dependent methyltransferases from various
Deltaproteobacteria and Actinomycetia, including antibiotic-producing Streptomyces species, and
the monophyletic group of cfr genes. The basal branches of the latter contained paenibacilli and
other soil bacteria; they then could be split into the clades [cfr(C):cfr(E)] and [[cfr:cfr(B)]:cfr(D)],
always with different Bacillaceae in their stems. Lachnospiraceae were encountered in the basal
branches of both optrA and poxtA trees. The ultimate origin of the cfr genes is the rlmN
housekeeping ribosomal methylases, which evolved into a suicide-avoiding methylase in antibiotic
producers; a soil organism (Lachnospiraceae, Paenibacilli) probably acted as a transfer organism
into pathogenic bacteria. In the case of optrA, the porcine pathogenic Streptococcus suis was present

in all branches, while the proteins closest to poxtA originated from Clostridia.

Keywords: cfr methylase; ribosome methylation; 235 rRNA; linezolid resistance; phenicol resistance

1. Introduction

The oxazolidinones linezolid and tedizolid are the last-resort drugs against multi-
resistant Gram-positive bacteria, i.e., methicillin-resistant staphylococci and vancomycin-
resistant enterococci (VRE). Therefore, oxazolidinone resistance is a great public health
concern, especially transmissible resistance, which can spread rapidly among
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commensals and pathogens. Oxazolidinone resistance, which is due to a target mutation
(i.e., a G2576T substitution in domain V of 23S rRNA), emerged within a year of linezolid
commercialization [1]. Since then, several other mutations have been reported, some of
which have led to cross-resistance to other drug groups that target the large subunit of the
ribosome, such as phenicols [2]. In this manner, these drugs can induce resistance to
oxazolidinones [3]. As phenicols are extensively used in veterinary medicine, this case
exemplifies how animals can serve as evolutionary hotspots for the development of
resistance to antibiotics used exclusively in humans [3,4]. Although the problem of the
zoonotic spread of resistant mutants is alleviated by the difficulty of host-switching in
many bacterial species of concern [5,6], transmissible resistance genes that reside on and
spread through mobile genetic elements pose an even greater problem. For example, the
appearance of c¢fr genes in clinical Staphylococcus isolates encoding an RNA methylase that
confers resistance to phenicols, lincosamides, Streptogramin A, pleuromutilins and
oxazolidinones has raised serious concerns [1,7,8]. As many of these drugs (with the
exception of oxazolidinones) are widely used in veterinary medicine, including
aquaculture [9,10], it has been hypothesized that this gene has arisen and spread in
potential pathogens due to the extensive use of these compounds [3,11,12]. Since the first
report of staphylococci/mammaliicocci [13], this gene has been found in enterococci and
Streptococci, and other related genes, namely, cfr(B), cfr(C), cfr(D) and cfr(E) have also
been described in enterococci and in Clostridioides difficile, as well as in several other
bacteria [14].

In addition to the cfr genes, other transmissible genes such as optrA and poxtA have
been described as associated with resistance to both commercialized oxazolidinones
[15,16]. These encode ATP-binding cassette transporters, and resistance is conferred by
ribosomal protection [17]. It is clear that optrA provide resistance to oxazolidinones and
phenicols and was first found in enterococci [15], while poxtA also mediates resistance to
phenicols and tetracyclines (including tigecycline), first described in Staphylococcus aureus
[16]. Their presence in Gram-negative bacteria has also been documented [18]. These
genes can also be co-harbored on the same plasmid [19].

Although there are hypotheses about the origin of these resistance mechanisms, the
evolutionary origin of these genes is not yet clear. This paper addresses the phylogeny of
transmissible linezolid-resistant genes using phylogenetic methods.

2. Results

The basal split in the cfr phylogeny was found between rlmN housekeeping
methylases and their sister group, which consisted of two major clades. One clade
contained  S-adenosyl-methionine-dependent  methyltransferases from various
Deltaproteobacteria and Actinomyecetia, including the antibiotic-producing Streptomyces
species; the other major clade comprised cfr proteins. In the latter clade, the most basal
branch separated the soil alphaproteobacterium Devosia from proteins of Paenibacillus sp.
and various soil-dwelling members of the Thermoactinomycetaceae and Chloroflexi
(Figure 1, Supplementary Materials Figure S1). This clade then split into two large sister
groups, with the basal branches in both groups containing proteins from different
Bacillales.

One of these contained proteins from Paenibacillus, Brevibacillus and Cohnella, then a
branch-containing protein from Ruminococcus split off, and a group with poorly resolved
branches consisted of proteins from various Clostridium spp., including C. botulinum, cfrC
proteins from Clostridioides difficile and a few other species (Faecalicoccus, Ruminococcus,
Enterocloster, C. perfringens) as well as several cfrE proteins from C. difficile, Streptococcus
suis, Intestinibacillus sp., Blautia sp. and Enterocloster bolteae.
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Figure 1. Phylogeny of genes with cfr (NG070225.1) as a query reconstructed with FastTree using
the amino acid hits of the reference gene sequence with matches of > 40% amino acid identity and >
85% query coverage. The numbers above represent SH-like aLRT support values.

The basal taxa in the other group were Bacillus cereus, B. paramycoides, Aneurinibacillus
and Sporolactobacillus; the next branch consisted of cfr(D) proteins from an S. parasuis and
a group of Enterococcus faecium isolates. A further branch contained cfr proteins from
clinically relevant staphylococci (S. aureus, S. haemolyticus, S. epidermidis, S. capitis),
Mammaliicoccus sciuri, Enterococcus faecium, E. faecalis and various Enterobacterales (all
annotated as cfr). Further branches formed a complex structure of proteins from various
Bacillales (Cytobacillus, Paenibacillus, Bacillus, Lysinibacillus, Brevibacillus), with the clade of
cfr(B) containing proteins from C. difficile, Enterococcus faecalis, E. faecium,
Mediterraneibacter and Ruminococcus. The most-derived branch included clbA rRNA
methylase proteins related to cfrs from various Bacillus spp. including B. amyloliquefaciens
and B. velezensis.

Queries of cfr(B), cfr(C), cfr(D) and cfr(E) yielded very similar trees, with the basal
rImN proteins showing the greatest differences. In the case of cfr(B), these were
completely absent, and the root of the tree separated the S-adenosyl-methionine-
dependent methyltransferases and cfrs; the cfr(D) query yielded only five rlmN proteins
in the base of the tree, some of which differed from those in the cfr tree; cfr(E) yielded a
tree that was virtually identical in topology to the tree with cfr as the query.

The optrA phylogeny contained two major lineages (Figure 2, Supplementary
Materials Figure S2), one containing Peribacillus-derived proteins, followed by branches
containing proteins from various Erysipelotrichaceae associated with the human
microbiota. The other major lineage was divided into two sister groups, one containing
proteins from various Lachnospiraceae associated with the human and animal microbiota,
while the other contained proteins from soil-associated Clostridium spp. and proteins from
clinically important bacteria, i.e., enterococci, staphylococci, Mammaliicoccus, Lactococcus,
Listeria, Campylobacter and Streptococcus suis, with the latter appearing in most
recognizable subgroups.
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Figure 2. Phylogeny of genes with optrA (MF805732.1:8426-10393) as a query reconstructed with
FastTree using the amino acid hits of the reference gene sequence with matches of >40% amino acid
identity and > 85% query coverage. The numbers above represent SH-like aLRT support values.

The protein sequences of poxtA could be divided into two sister groups with very

high support values (Figure 3, Supplementary Materials Figure S3). One contained
proteins from Lachnospiraceae (Enterocloster, Hungatella and Blautia spp.), while the other
consisted of a basally positioned protein from Fontibacillus solani, then a protein from
Enterococcus faecium and a cluster of identical proteins from E. faecium, followed by other
enterococci (E. faecalis and E. hirae), Pediococcus spp, Staphylococcus saprophyticus, S.
haemolyticus and S. aureus. The separation of one protein from Protoclostridium gallicola and
another from Heteroclostridium caecigallinarum was not supported.
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Figure 3. Phylogeny of genes with poxtA (NG_063824.1) as a query reconstructed with FastTree
using the amino acid hits of the reference gene sequence with matches of >40% amino acid identity
and > 85% query coverage. The numbers above represent SH-like aLRT support values.

3. Discussion

Many antibiotics originate from ancient competitive interactions between
microorganisms; antibiotic resistance arises in response, either from potential target
organisms or from antibiotic producers that develop resistance to protect themselves [20].
Resistant genes evolve as gain-of-function alterations of genes not originally associated
with drug resistance and eventually find their way into pathogenic bacteria through
horizontal gene transfer, posing an enormous and ever-growing public health problem
[20].

This scenario has been proposed for a number of naturally produced antibiotic
families [21-24] but requires additional explanation in the case of synthetic drug families
without natural precursors, such as oxazolidinones. In such cases, the selective force may
be the use of another group of drugs to which resistance genes are already present and
can spread, which, at the same time, also confer cross-resistance to the synthetic drug.
Since all mobile genes that confer resistance to linezolid (cfr family, optrA, poxtA) also
provide resistance to phenicols [7,15,16], it is conceivable that phenicols were the drugs
responsible for their development and spread.

The origin of resistance genes from functional changes is illustrated by the very
ancient evolution of beta-lactamases from penicillin-binding proteins or the appearance
of erm-family 23S rRNA methylases, which have been shown to be an important
mechanism of macrolide/lincosamide/Streptogramin B resistance [25,26]. The ancestors of
these methylases are housekeeping genes associated with ribosome biogenesis and the
regulation of ribosomal functions [27,28]. It has been experimentally demonstrated that
these genes are capable of undergoing changes that lead to macrolide resistance [29].

The cfr genes, which also methylate 23S rRNA, form a distinct group closely related
to the rImN methylases [30,31], and it is suggested that they evolved from the rlmN
enzymes [31], as evidenced by the appearance of rImN proteins in basal positions in the
cfr trees (Figure 1). The group closest to the rlmN proteins/genes and the closest relatives
of the cfr genes are the S-adenosyl-methionine-dependent methyltransferases of
Actinobacteria and some other taxa [31].

The evolutionary path of the cfr proteins could, therefore, be traced back to the rImN-
related methylases of Actinomycetes, possibly derived from a producer of one of the
antibiotic groups to which the cfr genes confer resistance. Organisms that first acquired
the ancestral cfr gene probably belonged to Paenibacillaceae or Thermoactinomycetaceae,
after which this gene may have passed once to Clostridia, giving rise to c¢fr(C), cfr(E) and
clostridial cfrs before passing another time to various Bacillales leading to its spread in
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clinically important species; then cfr and the very closely related c¢fr(D) evolved further in
Bacillales [32] with the variant ¢fr(B) in C. difficile and enterococci and the later variant clbA
in Bacillus spp., which confers a very similar phenotype [32].

The ancestor of optrA could be found in either Lachnospiraceae or
Erysipelothrichaceae, and environmental Clostridia probably served as vector organisms.
Several optrA variants have already been detected in Streptococcus suis [33]; thus, S. suis
may have been one of the first pathogenic species to acquire the ancestral gene or gene
variants. It is tempting to assume that the cause of the acquisition of optrA lies in its
association with swine and the antibiotics used in swine, as has been shown in the case of
enterococci associated with swine [12,34,35]. Later, E. faecium may have acquired one and
E. faecalis another variant, probably from S. suis, while staphylococci and mammaliicocci
acquired them later from these clinically relevant enterococci or from S. suis. Only one of
the sister variants was found in Campylobacter.

In contrast, poxtA appears to be represented by a single gene variant in clinically
relevant bacteria, as all but one of the sequences from human-relevant species were
identical. The immediate source of poxtA for these clinically relevant bacteria was, similar
to the case of cfr, probably bacteria associated with the mammalian gut and/or soil, e.g.,
Enterocloster, Hungatella or Blautia.

Although the use of the reference genome database as the exclusive data source is a
limitation, the actual source of cfr methylases could be the antibiotic producers, while
bacteria in the soil and animal microbiota could be responsible for its transfer to
pathogenic bacteria, similar to the other antibiotic groups. The use of phenicols in
livestock can be hypothesized as a common driving force for the appearance and spread
of transmissible oxazolidinone resistance, which draws attention to the role of the
interplay between the use of antibiotics in veterinary antibiotic use and the development
of antibiotic resistance mechanisms relevant to public health, as highlighted in the One
Health concept.

4. Materials and Methods
4.1. Assembly of the dataset

The amino acid sequences of the genes cfr (NG070225.1), cfr(B) (KM359438.1), ¢fr(C)
(CCL89685.1),  cfr(D)  (CP044318.1:61513-62586),  cfr(E)  (AJ879565.1),  optrA
(MF805732.1:8426-10393) and poxtA (NG_063824.1) were selected as representatives of the
plasmid-borne oxazolidinone resistance genes. A custom Blast [36] database was
compiled containing all available bacterial proteome sequences in the NCBI RefSeq
database (https://ftp.ncbi.nlm.nih.gov/genomes/refseq/, accessed on 2 July 2021). Based on
the list of available accessions, the fasta files containing the whole proteome sequences
were downloaded individually using wget (n = 219,549; accessed on 02 July 2021). The
Blast database was formatted using makeblastdb 2.10.1+ after merging the RefSeq
proteomes and formatting the fasta definition lines to retain the taxa names and accession
numbers. Blastp 2.10.1+ searches were performed with each gene reference sequence as
the query and the custom database as the subject. Hits were saved in a tabular format (-
outfmt ‘6 gqseqid sseqid gstart qend sstart send pident nident length qcovhsp evalue gseq
sseq’). The hits were filtered with awk to obtain hits with at least 40% aa identity and at
least 85% query coverage.

4.2. Phylogenetic analysis

The sequences obtained were aligned using MAFFT 7.471 [37] with the auto option.
The amino acid alignments were used for the phylogenetic reconstruction of gene trees,
for which FastTree 2.1.10 [38] was run with default parameters, and statistical robustness
was assessed using SH-like local support values. Rooting phylogenetic trees is non-trivial
and can be misleading, especially if the wrong outgroup sequence is used. While methods
such as rooting with an outgroup, midpoint rooting, and rooting with ancient gene
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duplications are widely used, the minimal ancestor deviation (MAD) approach has shown
promise for accurately identifying different roots in bacterial phylogenies without
outgroup sequences [39]. In addition, MAD rooting has been used to account for
uncertainties in gene tree rooting, further highlighting its robustness and accuracy in
phylogenetic analyses [40]. Therefore, MAD 2.2 [41] was used to root the phylogenetic
trees, which were then visualized wusing FigTree 1.4.4 (available at
http://tree bio.ed.ac.uk/software/figtree/) before they were further edited in Inkscape
0.92.4 to improve readability.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/antibiotics13040311/s1, Figure S1: Extended tree of cfr;
Figure S2: Extended tree of optrA; Figure S3: Extended tree of poxtA.

Author Contributions: Conceptualization, G.K. and K.B.; methodology, L.L.; software, L.L., EX,,
and B.T.; formal analysis, G.K. and B.T.; investigation, G.K,, L.L., EK,, and B.T.; resources, K.S., E.P.,
and K.B.; data curation, L.L., EK,, and B.T.; writing—original draft preparation, G.K.; writing—
review and editing, GK.,, L.L.,, EK, B.T., K.S,, E.P., and K.B.; visualization, E.K.; supervision, K.S.
and K.B.; funding acquisition, E.P. and K.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the project GINOP-2.3.4-15-2020-00008 co-funded by the
European Union and the European Regional Development Fund. Additional support was given by
the E6tvos Lorand Research Network (grant no., SA-27/2021) and the National Research,
Development and Innovation Office (grant no., RRF-2.3.1-21-2022-00001 and TKP2021-EGA-01). E.K
was supported by the UNKP-20-4-1-DE-277 New National Excellence Program of the Ministry for
Innovation and Technology from the the National Research, Development and Innovation Fund.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The GenBank accession numbers used in this study are available in
the Supplementary Materials. Further details are available on request from the corresponding
authors.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of the data; in the writing of the
manuscript; or in the decision to publish the results.

References

1.

10.

Liu, B.G;; Yuan, X.L.; He, D.D.; Hu, G.Z.; Miao, M.S.; Xu, E.P. Research Progress on the Oxazolidinone Drug Linezolid
Resistance. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 9274-9281.

Besier, S.; Ludwig, A.; Zander, J.; Brade, V.; Wichelhaus, T.A. Linezolid Resistance in Staphylococcus Aureus: Gene Dosage
Effect, Stability, Fitness Costs, and Cross-Resistances. Antimicrob. Agents Chemother. 2008, 52, 1570-1572.

Wang, Y.; Li, X;; Fu, Y.; Chen, Y.; Wang, Y.; Ye, D.; Wang, C.; Hu, X; Zhou, L.; Du, J.; et al. Association of Florfenicol Residues
with the Abundance of Oxazolidinone Resistance Genes in Livestock Manures. |. Hazard Mater. 2020, 399, 123059.

Bager, F.; Madsen, M.; Christensen, J.; Aarestrup, F.M. Avoparcin Used as a Growth Promoter is Associated with the Occurrence
of Vancomycin-Resistant Enterococcus Faecium on Danish Poultry and Pig Farms. Prev. Vet. Med. 1997, 31, 95-112.

Chang, Q.; Wang, W.; Regev-Yochay, G.; Lipsitch, M.; Hanage, W.P. Antibiotics in Agriculture and the Risk to Human Health:
How Worried Should We Be? Evol. Appl. 2015, 8, 240-247.

Wassenaar, T.M.; Silley, P. Antimicrobial Resistance in Zoonotic Bacteria: Lessons Learned from Host-Specific Pathogens. Anim.
Health Res. Rev. 2008, 9, 177-186.

Long, K.S.; Poehlsgaard, J.; Kehrenberg, C.; Schwarz, S.; Vester, B. The Cfr rRNA Methyltransferase Confers Resistance to
Phenicols, Lincosamides, Oxazolidinones, Pleuromutilins, and Streptogramin A Antibiotics. Antimicrob. Agents Chemother. 2006,
50, 2500-2505.

Sadowy, E. Linezolid Resistance Genes and Genetic Elements Enhancing their Dissemination in Enterococci and Streptococci.
Plasmid 2018, 99, 89-98.

Cuong, N.V.; Padungtod, P.; Thwaites, G.; Carrique-Mas, J.J. Antimicrobial Usage in Animal Production: A Review of the
Literature with a Focus on Low- and Middle-Income Countries. Antibiotics 2018, 7, 75.

Schar, D.; Klein, E.Y.; Laxminarayan, R.; Gilbert, M.; Van Boeckel, T.P. Global Trends in Antimicrobial Use in Aquaculture. Sci.
Rep. 2020, 10, 21878.



Antibiotics 2024, 13, 311 90f 10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Niiesch-Inderbinen, M.; Hausmann, A.; Treier, A.; Zurfluh, K; Biggel, M.; Stephan, R. Fattening Pigs are a Reservoir of
Florfenicol Resistant Enterococci Harboring Oxazolidinone Resistance Genes. J. Food Prot. 2022, 85, 740-746.

Zhao, Q.; Wang, Y.; Wang, S.; Wang, Z.; Du, X.D,; Jiang, H.; Xia, X.; Shen, Z.; Ding, S.; Wu, C.; et al. Prevalence and Abundance
of Florfenicol and Linezolid Resistance Genes in Soils Adjacent to Swine Feedlots. Sci. Rep. 2016, 6, 32192.

Schwarz, S.; Werckenthin, C.; Kehrenberg, C. Identification of a Plasmid-Borne Chloramphenicol-Florfenicol Resistance Gene
in Staphylococcus Sciuri. Antimicrob. Agents Chemother. 2000, 44, 2530-2533.

Stojkovi¢, V.; Ulate, M.F.; Hidalgo-Villeda, F.; Aguilar, E.; Monge-Cascante, C.; Pizarro-Guajardo, M.; Tsai, K.; Tzoc, E,;
Camorlinga, M.; Paredes-Sabja, D.; et al. Cfr(B), Cfr(C), and a New Cfr-Like Gene, Cfr(E), in Clostridium Difficile Strains
Recovered across Latin America. Antimicrob. Agents Chemother. 2019, 64, €01074-19.

Wang, Y.; Lv, Y,; Cai, J.; Schwarz, S.; Cui, L.; Hu, Z.; Zhang, R.; Li, J.; Zhao, Q.; He, T.; et al. A Novel Gene, OptrA, that Confers
Transferable Resistance to Oxazolidinones and Phenicols and its Presence in Enterococcus Faecalis and Enterococcus Faecium
of Human and Animal Origin. |. Antimicrob. Chemother. 2015, 70, 2182-2190.

Antonelli, A.; D’Andrea, M.M.; Brenciani, A.; Galeotti, C.L.; Morroni, G.; Pollini, S.; Varaldo, P.E.; Rossolini, G.M.
Characterization of PoxtA, a Novel Phenicol-Oxazolidinone-Tetracycline Resistance Gene from an MRSA of Clinical Origin. J.
Antimicrob. Chemother. 2018, 73, 1763-1769.

Sharkey, L.K.; Edwards, T.A.; O'Neill, A.J. ABC-F Proteins Mediate Antibiotic Resistance through Ribosomal Protection. mBio
2016, 7, e01975.

Shen, J.; Wang, Y.; Schwarz, S. Presence and Dissemination of the Multiresistance Gene Cfr in Gram-Positive and Gram-
Negative Bacteria. ]. Antimicrob. Chemother. 2013, 68, 1697-1706.

Lazaris, A.; Coleman, D.C.; Kearns, A.M.; Pichon, B.; Kinnevey, P.M.; Earls, M.R.; Boyle, B.; O’Connell, B.; Brennan, G.I.; Shore,
A.C. Novel Multiresistance Cfr Plasmids in Linezolid-Resistant Methicillin-Resistant Staphylococcus Epidermidis and
Vancomycin-Resistant Enterococcus Faecium (VRE) from a Hospital Outbreak: Co-Location of Cfr and OptrA in VRE. |.
Antimicrob. Chemother. 2017, 72, 3252-3257.

Davies, J.; Davies, D. Origins and Evolution of Antibiotic Resistance. Microbiol. Mol. Biol. Rev. 2010, 74, 417-433.

Arthur, M.; Brisson-Noél, A.; Courvalin, P. Origin and Evolution of Genes Specifying Resistance to Macrolide, Lincosamide and
Streptogramin Antibiotics: Data and Hypotheses. ]. Antimicrob. Chemother. 1987, 20, 783-802.

Olaitan, A.O.; Morand, S.; Rolain, ].M. Mechanisms of Polymyxin Resistance: Acquired and Intrinsic Resistance in Bacteria.
Front. Microbiol. 2014, 5, 643.

Trieu-Cuot, P.; Courvalin, P. Evolution and Transfer of Aminoglycoside Resistance Genes under Natural Conditions. J.
Antimicrob. Chemother. 1986, 18 Suppl C, 93-102.

Yamane, K.; Wachino, J.; Doi, Y.; Kurokawa, H.; Arakawa, Y. Global Spread of Multiple Aminoglycoside Resistance Genes.
Emerg. Infect. Dis. 2005, 11, 951-953.

Larsson, D.G.].; Flach, C.F. Antibiotic Resistance in the Environment. Nat. Rev. Microbiol. 2021, 4, 1-13.

Bush, K. Past and Present Perspectives on -Lactamases. Antimicrob. Agents Chemother. 2018, 62, e01076-18.

Arai, T.; Ishiguro, K.; Kimura, S.; Sakaguchi, Y.; Suzuki, T.; Suzuki, T. Single Methylation of 23S rRNA Triggers Late Steps of
50S Ribosomal Subunit Assembly. Proc. Natl. Acad. Sci. USA 2015, 112, E4707-E4716.

Schubert, H.L.; Blumenthal, R.M.; Cheng, X. Many Paths to Methyltransfer: A Chronicle of Convergence. Trends Biochem. Sci.
2003, 28, 329-335.

Bhujbalrao, R.; Anand, R. Deciphering Determinants in Ribosomal Methyltransferases that Confer Antimicrobial Resistance. J.
Am. Chem. Soc. 2019, 141, 1425-1429.

Atkinson, G.C.; Hansen, L.H.; Tenson, T.; Rasmussen, A.; Kirpekar, F.; Vester, B. Distinction between the Cfr Methyltransferase
Conferring Antibiotic Resistance and the Housekeeping RImN Methyltransferase. Antimicrob. Agents Chemother. 2013, 57, 4019
4026.

Kaminska, K.H.; Purta, E.; Hansen, L.H.; Bujnicki, ].M.; Vester, B.; Long, K.S. Insights into the Structure, Function and Evolution
of the Radical-SAM 23S rRNA Methyltransferase Cfr that Confers Antibiotic Resistance in Bacteria. Nucleic Acids Res. 2010, 38,
1652-1663.

Hansen, L.H.; Planellas, M.H.; Long, K.S.; Vester, B. The Order Bacillales Hosts Functional Homologs of the Worrisome Cfr
Antibiotic Resistance Gene. Antimicrob. Agents Chemother. 2012, 56, 3563-3567.

Bender, ].K.; Fleige, C.; Lange, D.; Klare, I.; Werner, G. Rapid Emergence of Highly Variable and Transferable Oxazolidinone
and Phenicol Resistance Gene OptrA in German Enterococcus spp. Clinical Isolates. Int. |. Antimicrob. Agents 2018, 52, 819-827.
Fioriti, S.; Morroni, G.; Coccitto, S.N.; Brenciani, A.; Antonelli, A.; Di Pilato, V.; Baccani, I.; Pollini, S.; Cucco, L.; Morelli, A.; et
al. Detection of Oxazolidinone Resistance Genes and Characterization of Genetic Environments in Enterococci of Swine Origin,
Italy. Microorganisms 2020, 8, 2021.

Yang, X.X,; Tian, T.T.; Qiao, W.; Tian, Z.; Yang, M.; Zhang, Y.; Li, ].Y. Prevalence and Characterization of Oxazolidinone and
Phenicol Cross-Resistance Gene OptrA in Enterococci Obtained from Anaerobic Digestion Systems Treating Swine Manure.
Environ. Pollut. 2020, 267, 115540.

Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. ]. Mol. Biol. 1990, 215, 403—
410.

Katoh, K, Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and
Usability. Mol. Biol. Evol. 2013, 30, 772-780.



Antibiotics 2024, 13, 311 10 of 10

38.

39.

40.

41.

Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2--Approximately Maximum-Likelihood Trees for Large Alignments. PLoS ONE
2010, 5, €9490.

Bremer, N.; Knopp, M.; Martin, W.F.; Tria, F.D.K. Realistic Gene Transfer to Gene Duplication Ratios Identify Different Roots
in the Bacterial Phylogeny Using a Tree Reconciliation Method. Life 2022, 12, 995.

Zaman, S.; Sledzieski, S.; Berger, B.; Wu, Y.-C,; Bansal, M.S. Phylogenetic Reconciliation Reveals Extensive Ancestral
Recombination in Sarbecoviruses and the SARS-CoV-2 Lineage. bioRxiv 2021. https://doi.org/10.1101/2021.08.12.456131.

Tria, F.D.K,; Landan, G.; Dagan, T. Phylogenetic Rooting Using Minimal Ancestor Deviation. Nat. Ecol. Evol. 2017, 1, 193.

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.



