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Objectives: To analyse the genetic context of mecB in two Macrococcus canis strains from dogs, compare the
mecB-containing elements with those found in other Macrococcus and Staphylococcus species, and identify
possible mobilizable mecB subunits.

Methods: Whole genomes of the M. canis strains Epi0076A and KM0218 were sequenced using next-generation
sequencing technologies. Multiple PCRs and restriction analysis confirmed structures of mecB-containing
elements, circularization and recombination of mecB subunits.

Results: Both M. canis strains contained novel composite pseudo (¥) staphylococcal cassette chromosome mec
(SCCmec) elements. Integration site sequences for SCC flanked and subdivided composite WSCCmecepioo7sa
(69569 bp) into WSCC1gpino76a~FSCCMeCepioo7ea~PSCC2epino76a aNd composite WSCCmeckmoz1s (24554 bp) into
WSCCxmo218-¥SCCmMeckmoa1s- Putative y-haemolysin genes (hlgB and hlgC) were found at the 3’ end of both
composite elements. WSCCmeckmoz18 contained a complete mecB gene complex (mecl,,-mecR1,,-mecB-blaZ,,)
downstream of a new IS21-family member (ISMacal). WSCCmecepino7sa carried a blaZ,-deleted mecB gene
complex similar to that reported in ‘Macrococcus goetzi’ CCM4927'. A second mecB gene was found on the
81325 bp MDR plasmid pKM0218 in KM0218. This plasmid contained a complete Tn6045-associated mecB gene
complex distinct from that of ¥SCCmeckmoz1s- PKM0218 was almost identical to the mecB-containing plasmid
recently reported in Staphylococcus aureus (overall 99.96% nucleotide identity). Mobilization of mecB within an
unconventional circularizable structure was observed in Epi0076A as well as chromosomal plasmid insertion via
recombination of mecB operons in KM0218.

Conclusions: Our findings provide evidence of both the continuing evolution of mecB-containing elements in

macrococci and M. canis as a potential source of the mecB-containing plasmid found in staphylococci.

Introduction

The species Macrococcus canis was recently recognized as a new
member of Macrococcus, a genus closely related to
Staphylococcus.! The bacterium is found on the skin of healthy
dogs but has also been isolated from infection sites, suggesting
that it is a novel canine opportunistic pathogen.™? It is the only
Macrococcus species that produces complete haemolysis on sheep
blood agar and contains the putative haemolysin genes hlgB and
hlgC.? Similar to staphylococci, Macrococcus species can acquire
methicillin resistance by expressing an alternative-penicillin bind-
ing protein (PBP), called PBP2a. Whereas PBP2a is encoded by ei-
ther the mecA or mecC gene in Staphylococcus that has acquired a
staphylococcal cassette chromosome mec (SCCmec) element,
Macrococcus carries distantly related mec homologues, either

mecB or mecD, on more diverse genetic elements.*® Recently,
mecB was detected for the first time on a plasmid
(PSAWWU4229 1) in a Staphylococcus aureus isolate of human
origin, suggesting a possible gene transfer between the two
genera.®

In Macrococcus caseolyticus, the mecB gene complex (mecl-
mecR1,,-mecB-blaZ,,) is associated with the presence of Tn6045
transposases and forms part of different mobile genetic elements
including plasmids and staphylococcal cassette chromosome mec
(SCCmec)-like elements.*’ In ‘Macrococcus goetzi?, a mecB gene
complex without a blaZ,, has been identified on a pseudo (¥)
SCCmec.® In M. canis, the only SCCmec element described so far
contains a Tn6045-independent complete mecB complex that has
the ability to form an unconventional circularizable structure
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(UCS)?1° Recently, mecB was detected in several M. canis isolates
from dogs that differed in their genetic background by MLST and
antimicrobial resistance gene profiles.” Here, two diverse strains
were selected for deeper characterization of their mecB-containing
elements using WGS. One strain was from a healthy carrier and
the other was from a dog with otitis externa. The latter contained
antimicrobial resistance genes similar to those found on plasmid
pSAWWU4229 1 and was suspected to contain an MDR plasmid.

Materials and methods

Bacterial strains and antimicrobial resistance profiles

M. canis strain KM0218, ST12 [mecB, blaZ,,, aac(6')-aph(2”), sat4, aph(3’)-
IIIa, erm(B), ant(6)-Ia, tet(S)], originated from a dog with otitis externa, and
M. canis strain Epi0076A, ST2 [mecB, GrlA (Ser80Leu)], was isolated from a
healthy dog.? Antibiotic susceptibility was determined by the measurement
of MICs using the microdilution method and Sensititre EUST plates (Thermo
Fisher Scientific, TREK Diagnostics Systems, East Grinstead, UK) according to
CLSI guidelines MO7 and VET01.1'2 Results were interpreted using the
clinical breakpoints of CLSI recommended for Staphylococcus spp. for
human and dog isolates when available as described.? Antibiotic resistance
genes and mutations were identified by PCR, sequencing and microarray
analysis.” M. canis strains were routinely cultured under aerobic conditions
at 37°C on trypticase soy agar with 5% sheep blood (TSA-S; Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).

DNA extraction, PCR and restriction analysis

DNA was extracted from pure cultures using a peqGOLD bacterial DNA kit
(Peglab Biotechnologie GmbH, Jena, Germany). To improve lysis, M. canis
cells were incubated in solution I of the kit supplemented with 50 pg/mL
lysostaphin and 2 mg/mL lysozyme for 20min at 37°C. PCRs were per-
formed with FIREPol DNA polymerase (Solis BioDyne, Tartu, Estonia) (ampli-
cons <2.5 kb) and GoTaq Long PCR Master Mix (Promega, Madison, WI, USA)
for long amplicons (up to 20kb) according to the manufacturer’s instruc-
tions. All relevant primers used in this study are listed in Tables S1 and S2
(available as Supplementary data at JAC Online). Restriction digestion was
performed according to conditions suggested by the manufacturers (New
England Biolabs, Ipswich, MA, USA and Roche Diagnostics, Rotkreuz,
Switzerland) using up to 0.25 volume of PCR product in the reaction.
If the manufacturer’s instructions were not followed, reaction conditions
areindicated in Supplementary data.

WGS, assembly and annotation

M. canis strains KM0218 and Epi0076A were sequenced using Illumina
MiSeq technology and Reagent Kit v2 (Illuming, Inc., San Diego, CA, USA).
Strain KM0218 was additionally sequenced using the PacBio Sequel system
(Pacific Biosciences, Menlo Park, CA, USA). Sequence reads from Illumina
were assembled de novo with Geneious (version R9.1.5) and generated 67
and 50 contigs for Epi0076A and KM0218, respectively. Contigs were ana-
lysed for characteristics of SCCmec elements [orfX gene, mec and ccr gene
complexes and the integration site sequences for SCC (ISSs)], transposon
Tn6045, and sequences related to the mecB-containing plasmid pMCCL2 of
M. caseolyticus” using BLAST (http://blast.ncbi.nlm.gov/). Gaps between
contigs of interest (composite WSCCmecepioo7ea: @ cOMposite of a 27 kb and
a 194 kb contig; plasmid pKM0218: a composite of a 13 kb, a 57kb and a
16 kb contig) were filled by PCR and Sanger sequencing (ABI Prism 3100
Genetic Analyzer, Applied Biosystems, Foster City, CA, USA). The structures
of these mecB-containing elements (¥SCCMeCepioo76a and pKM0218) were
verified by long-range PCRs and restriction analysis (Tables S3 and S4). ORFs
were predicted using Prodigal software,™® and gene annotation was per-
formed manually by BLAST homology. PacBio reads were assembled

de novo with canu (v1.6) and provided the complete chromosomal se-
quence of KM0218. Features present in the mecB-containing region
(PSCCmeckmoz18) Were annotated with prokka (v1.13) and edited manual-
ly. The complete chromosome was additionally annotated using the NCBI
Prokaryotic Genome Annotation Pipeline (PGAP) service.

Detection of mecB-containing recombination products
Excision of mecB-containing elements including circular Tn6045¢mo21s, Cir-
cular subunits of composite ¥SCCmecepioo7ea, aNd UCSgpioo76a WAS ana-
lysed by PCR (Table S5). Sanger sequencing confirmed the positive PCR
results obtained for UCSgpino764 and the remaining chromosomal segment
(AUCSepioo76a) (Figure S1). Chromosomal integration and excision of plas-
mid pKM0218 was also analysed by PCR (Table S6) and further confirmed
by restriction endonuclease digestion (Figure S2).

Nucleotide sequence accession numbers

The nucleotide sequences of the composite WSCCmec elements of M. canis
Epi0076A and M. canis KM0218 have been deposited in GenBank under
accession numbers MF477835 and MK422159, respectively. The plasmid
pKM0218 and the complete chromosomal sequence of KM0218 have
been deposited under accession numbers MF477836 and CP035309,
respectively.

Results and discussion

M. canis strain EpiO076A carries mecB on a composite
YSCCmec element

M. canis strain Epi0076A was resistant to ciprofloxacin (MIC
>4mg/L), penicillin (MIC >2 mg/L), cefoxitin (MIC >16 mg/L) and
erythromycin (MIC >8 mg/L). Quinolone and B-lactam resistance
could be attributed to a mutation in the gyrase subunit GrlA
(Ser80Leu) and the mecB gene, respectively. The mechanism of
macrolide resistance remains unknown. The mecB-carrying elem-
ent of Epi0076A was found downstream of the orfX (rmlH) gene in
a 69569 bp region that contained four characteristic imperfect
repeats containing the ISS (ISS1, ISS2, ISS3 and 1SS4) (Figure 1). A
ccr gene complex was not found either in this region or elsewhere
in the genome. Following the criteria of the International Working
Group on Staphylococcal Cassette Chromosome Elements (IWG-
SCQ),** the 1SS-flanked segments of 12579, 14655 and 42335 bp
were named \PSCC]-EpiOO76Ay ‘PSCCmeCEpioomA and ‘PSCCZEpiOWGA
and constituted a composite WSCCmecgpioo7en element. The
WSCCmecepioo7ea Segment contained 20 ORFs and a mec gene
complex that lacked the blaZ,, gene (mecl,-mecR1,,-mecB) and
was not associated with Tn6045. Such an incomplete mecB gene
complex has thus far only been detected in the ‘M. goetzii’ strain
CCM4927" isolated from human clinical samples. The mecB op-
eron of Epi0076A also shared the highest nucleotide identity of
99% with that of ‘M. goetzii’ CCM4927". The remaining parts of
WSCCmecepino76a and WSCClgpino76a Showed the highest sequence
similarity to SCCmec of M. canis KM45013" (Figure 1).° However,
homologous sequences were arranged differently in EpiO076A,
and additional small inserts coding for hypothetical proteins (ORFs
8, 9, 11-13, 19 and 25-29) were present between them. In
KM45013", the mecB gene complex was flanked by extensive DRs
that included orf46 or orf51 and were involved in UCS formation
(Figure 1).° Epi0076A contained only a single copy of such a hom-
ologous ORF (orf31) downstream of the mecB gene complex.
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Figure 1. Genetic structure of the composite ¥SCCmeckmoz18, SCCMeckmaso1s and YSCCmecepioo7ea elements. Comparison was performed with the
sequences of M. canis strain KM0218 (GenBank accession number MK422159), KM45013" (CP021059.1 region: 31942...105740) and Epi0076A
(MF477835) using the EasyFig program.?® Grey areas indicate regions with nucleotide sequence identities between 85% and 100%. The composite
elements were inserted in the 3’ region of the orfX gene (yellow) and subdivided by ISSs. White arrows represent ORFs and are indicated by colour as
follows: mecI,,, gene, light green; mecR1,,, gene, sky blue; mecB gene, red; blaZ,, gene, blue; ccr genes, purple; and bicomponent y-haemolysin genes
(hlgB and hlgC), orange. The ISMacal region, comprising istA and istB, is shaded in grey, and the extended DR regions are shaded in red (DR1 and
DR3) and green (DR2 and DR4). Small blue arrowheads represent the primers used for PCR analysis (see Table S1 in the Supplementary data).

Extensive DR sequences were also present in WSCClgpoo7ea-
WSCCmecepionzea Within orf5 (DR1) and orf18 (DR3) (476 bp overlap
with 85% identity) as well as within regions containing orf10 (DR2)
and orf30 (DR4) (509/513 bp overlap with 88% identity) (Figure 1).
Interestingly, orf10 (DR2), orfl8 (DR3) and orf30 (DR4) were
located next to the insertion sites, suggesting that recombination
events could have taken place in Epi0076A and thus diversified the
mecB element. Furthermore, we observed circular excision of the
mecB-containing fragment between the extended DRs comprising
orf10 (DR2) and orf30 (DR4) by PCR (Table S5). UCS formation and
its excision from the chromosome were confirmed by sequencing.
Recombination and random strand exchange occurred at least
within a 270 bp core of the DR sequences (Figure S1). Although we
present evidence for the unconventional mobilization of the mecB
gene in Epi0076A, the location of WSCClepino76a~YSCCMeCepino76a
downstream of orfX and the flanking ISS suggest a Ccr-mediated
acquisition of the element followed by the loss of the ccr genes.
The structure of SCCmec(-like) elements in Macrococcus”® with ccr
gene complexes on a separate SCC next to ¥SCCmec, as found in
M. canis KM45013" (Figure 1), would allow both integration of
YSCCmec only or integration of the composite island with subse-
quent loss of SCC and ccr genes. As expected, in the absence of ccr
genes, circularization and  excision of  WSCClepiooyea-
WSCCmecgpino76a Was Not detected by PCR (Table S5).

The third segment, ¥SCC2¢pio076a, cOntained 50 putative ORFs,
including the IS21-family element ISMacal (see below) on the left
side, bicomponent y-haemolysin genes (hlgB and hlgC) on the right
side and multiple hypothetical sugar metabolism gene clusters
that are not present in the other M. canis genomes but are present
in ‘M. goetzi’ CCM4927" sequences (Figure 1).

M. canis strain KM0218 contains mecB on a composite
WSCCmec element and on a plasmid

M. canis strain KM0218 contained two mecB operons, one on the
MDR plasmid pKM0218 and another on a chromosomal
WSCCmeckmo21s element. PacBio long-read sequencing technol-
ogy was used to confirm the location of the two mecB operons in
the genome. PCR and Sanger sequencing further confirmed the
presence of two distinct classical mecB gene complexes (mecl -
mecR1,,-mecB-blaZ.,) that shared overall 99% nucleotide identi-
ties (57 SNPs in a 5073 bp overlap). Careful analysis of the Sanger
chromatograms revealed double peaks at alternative bases within
the plasmidic and chromosomal mecR1,,,-mecB region, suggesting
that recombination between the homologous sequences had
occurred. Evidence for plasmid integration and excision was fur-
ther demonstrated by restriction analysis of long-range PCR frag-
ments amplified with primers specific to unique regions upstream
and downstream of the mecB operons (Table S6). Expected prod-
ucts for the closed circular plasmid pKM0218 as well as for the
chromosomal WSCCmeckmoz1s element without and with plasmid
pKM0218 integration were obtained (Figure S2).

The mecB gene on plasmid pKM0218 was associated with
Tn6045 transposases. This mec transposon exhibited >98%
nucleotide identity to that of pMCCL2 and the SCCmec-like
element of M. caseolyticus strain JCSC5402 and strain JCSC7096,
respectively.*” Tn6045 is spontaneously excised in JCSC7096,
but PCR assays could not detect this phenomenon in KM0218
even though flanking DRs (DRtnL and DRtnR, AACC(T/
G)CACTCTTAACCGATACGCTG(T/A)GG) and a gene for an intact
transposase were present (Table S5). The mecB gene on the
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Figure 2 Linear genetic structure of the MDR plasmids pMCCL2 of M. caseolyticus strain JCSC5402 (GenBank accession number AP009486), pKM0218
of M. canis KM0218 (MF477836) and pSAWWU4229_1 of S. aureus UKM4229 (LT799381). White arrows represent ORFs and other genes are indicated
by colour as follows: repA, pink; transposases associated with Tn6045, orange; mecl,, light green; mecR1,,, sky blue; mecB, red; blaZ,,, blue; aac(6')-
aph(2”), green; ant(6)-Ia, light steel blue; sat4, brick red; aph(3')-IlIa, yellow; and erm(B), purple. IS1216 and other transposases are shown in light
grey and dark grey, respectively. Small arrowheads represent the primers used for PCR analysis (see Table S2 in the Supplementary data). This genetic

map was created using the EasyFig program.??

chromosomal WSCCmeckmoz18 element was found downstream
of anew IS21-family element, named ISMaca1 (https://www-is.bio
toul.fr),!> which consisted of the DDE transposase istA and the
IS21 helper gene istB and flanking 61bp inverted repeats
(Figure 1). IS21 elements have been reported to play a role in the
mobility of the multiresistance gene cfr in Staphylococcus and
Macrococcus.*®” 1SMacal was only distantly related to other 1521
members, including the one associated with cfr (<45% overall
nucleotide identity). ISMacal was found not only in Macrococcus
species but also in Staphylococcus pseudintermedius (GenBank
accession numbers MWUZ01000009.1 and CP035741.1), another
bacterium typically found on the skin of dogs.

The 81325 bp plasmid pKM0218 contained 73 ORFs, including
genes for plasmid replication (repA), restriction modification, DNA
transposition and antimicrobial resistance (Figure 2). In addition
to the mecB gene, pKM0218 contained a resistance gene cluster
including aac(6')-aph(2”’) (gentamicin-kanamycin-tobramycin re-
sistance), Aant(6)-Ia, sat4 (streptothricin resistance), aph(3’)-Illa
(kanamycin resistance), erm(B) (macrolide-lincosamide-streptog-
ramin B resistance), a second complete ant(6)-Ia (streptomycin
resistance) and tet(S) (tetracycline resistance). The resistance
genes correlated with the increased MICs of B-lactam antibiotics
[penicillin (MIC >2 mg/L) and cefoxitin (MIC 16 mg/L)], gentamicin
(MIC 4mg/L), kanamycin (MIC >64mg/L), erythromycin (MIC
>8mg/L), clindamycin (MIC >4 mg/L), streptomycin (MIC >32 mg/L)
and tetracycline (MIC >16 mg/L) measured for strain KM0218. The
Tn5405-associated ant(6)-Ia-sat4-aph(3')-Illa resistance cluster is
frequently present next to erm(B) in Gram-positive genera.*®?° The
1S1282 of the Tn5405 element was, however, not present
in pKM0218, but two copies of an 151216 element were found down-
stream of erm(B) and ant(6')-Ia, which form a composite transposon

containing tet(S) (Figure 2). 1S1216 has also been previously found in
association with resistance genes such as aac(¢’)-aph(2”) and
erm(B) in staphylococcal plasmids.?? Apart from a 4 kb region up-
stream of Tn6045 and the 23 kb fragment containing the resistance
gene cluster, pKM0218 showed >96% overall nucleotide identity
with pMCCL2 (Figure 2). However, pKM0218 was almost identical to
the mecB-containing plasmid pSAWWU4229 1 recently reported in
S. aureus.® pKM0218 and pSAWWU4229 1 carried an identical re-
sistance gene cluster and differed mainly in two additional inserts in
pSAWWUA4229 1, both associated with transposases (Figure 2). The
remaining sequences of the plasmids (81323/81325 bp) varied only
in two indels and 32 point mutations. Thirty of the point mutations
were located within the mecR1,,-mecB fragment, indicating again
that the mecB operon of pKM0218 is mutated by recombination
with the chromosomal mecB operon. The data presented here
indicate that mecB-containing plasmids originate from a common
backbone and have the potential to evolve and acquire additional re-
sistance genes. The data also suggest that a pKM0218-like plasmid
was the potential precursor of pSAWWU4229 1 and provide
further evidence for plasmid exchange between Macrococcus and
Staphylococcus.

The chromosomal WSCCmeckmoa1s consisted of a 19279 bp
pseudo-element that carried 20 ORFs and showed the highest
similarity to sequences of the SCCmec region of strain KM45013"
(Figure 1). The orfX downstream region of KM0218 was less com-
plex than that of KM45013". KM0218 contained only two ISS-
flanked segments (¥SCCxmoz1s and WSCCmeckmo218) Spanning a
24554 bp region. In contrast, KM45013" displayed five ISS-flanked
segments in a 69765bp region. Overall, the orfX downstream
region of the three analysed M. canis strains showed different
SCC/WSCC segments arranged in tandem (Figure 1). All three
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chromosomal mecB elements of M. canis contained y-haemoly-
sin genes (hlgB and hlgC) at the 3’ end of the tandem structures.
The higB and higC genes were situated on a ¥SCC in KM45013"
and Epi0076A and on the WYSCCmeckmoz1g in KM0218. The loca-
tion of the hlg genes suggests that the haemolytic phenotype
of M. canis is not stably encoded on the core chromosome
and may explain the occurrence of non-haemolytic M. canis
strains.’

Altogether, the mecB gene has thus far been identified in three
different genetic contexts in M. canis, namely, on an SCCmec in
KM45013",° on a WSCCmec element in KM0218 and Epi0076A
(this study) and on a large MDR plasmid in KM0218 (this study).
Transposases and especially active recombination machinery
might drive the diversification and plasticity of mecB-containing
structures. Recombination between the chromosomal and plasmi-
dic mecB-mecR1,, sequences was observed in KM0218. Different
UCSs containing mecB were formed in KM45013" and Epi0076A
that might be involved in spreading the mecB gene. The presence
of highly similar mecB-containing plasmids in S. aureus and
M. canis strongly suggests that the transfer of plasmids occurs
between these species and illustrates the importance of
Macrococcus from dogs as a reservoir of transferable antimicrobial
resistance.
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