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Abstract

A putative staphylococcal protein Asp@) gene was discovered in the genome Sof
pseudintermedius and used for developing a species-spegifi typing protocol. Thirty-one
clinical methicillin-resistan8&aphylococcus pseudintermedius (MRSP) isolates from dogs and
cats in four countries were characterized dpg typing, pulsed-field gel electrophoresis
(PFGE) and staphylococcal cassette chromosomert®€@yping. The results indicated the
occurrence of two MRSP clones that acquired distBI€Gnec elements in Europe (102,
PFGE type A, SCec type lll,) and California (106, PFGE type B, SQ& type V).
Sequence analysis afecA revealed the occurrence of four allele®¢Al to mecA4), which
correlated with the geographical origin of the &es and enabled discrimination of two
distinct subtypes within European clone. The neddyelopedspa typing method appeared to
be a promising tool for easy and rapid typing of 3R either alone or in combination with

SCQamec andmecA typing for fine-structure epidemiological analysis

Keywords:. S. intermedius, antibiotic resistance, epidemiology
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Introduction

Saphylococcus intermedius is a commensal bacterium found on the skin andosae of a
wide range of animals, mainly dogs, cats, pigeonsharses. This species is the most
common bacterial pathogen associated with pyodamdaotitis in dogs, and can cause
sporadic infections in humans. Two independentistukdave recently proposed to reclassify
S intermedius isolated from dogs, cats and human$.aseudintermedius based on DNA-
DNA hybridization (Sasaki etl. 2007ajand multi-locus sequence typing (MLST) (Bannoehr
et al. 2007). Accordingly, the strains describethis study are referred to 8s
pseudintermedius.

Various studies have reported the occurrence dfiilin-resistantS.
pseudintermedius (MRSP) in small animal infections in North Ameri@aortel et al., 1999;
Jones et al., 2007; Hanselman et al., 2008) ané nrecently in Europe (Vengust et al., 2006;
Loeffler et al., 2007; Zubeir et al., 2007; Desol@t al., 2008; Schwarz et al., 2008; van
Duijkeren et al., 2008). Similarly to for methiailfresistantS. aureus (MRSA), methicillin
resistance its. pseudintermedius is mediated bynecA which encodes a low-affinity penicillin
binding protein (PBP2a). MRSP infections usuallgurdn the form of hospital outbreaks
associated with epidemic clones and can be resistatl oral antimicrobial formulations
available for therapy in small animal medicine (Besson et al., 2007; Loeffler et al., 2007;
van Duijkeren et al., 2008).

There are no standard protocols for molecular typi. pseudintermedius and the
recent emergence of methicillin-resistant straes increased the need for a simple and rapid
method for typing this specieghis study describes a novel single-locus typirghod based
on tandem repeat sequence analysis of a putasipeygococcal protein Aspa) gene inS.
pseudintermedius. The method was tested on an international catleaif 31 MRSP isolates

in combination with current methods for moleculgrihg of MRSA.
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Materialsand Methods

Strains

The 31 clinical MRSP isolates analyzed in this gtodginated from Germany, Sweden, UK
and USA (Table 1). German isolates were isolatechfskin and ear infections of dogs and
cats attending a dermatology referral practiceamidurg (Loeffler et al., 2007). Swedish
isolates were mostly (n=12) isolated from post-apee infections at four different veterinary
clinics (Bengtsson et al., 2007). Canine isolatesifthe USA were isolated from cases of
community-acquired skin infections at one clinicdalifornia. The UK strain was isolated
from a canine post-operative wound infection. Adllates were coagulase-positive, mannitol-
negative, haemolytieanecA-positive and resistant to oxacillin (ME254 mg/L) with the only
exception of Swedish isolate S1, which was susclepto oxacillin (MIC = 0.75 mg/L)
despite the presence miecA. A subset of 15 isolates was previously analyaetMbST
(Bannoehr et al. 2007).

Sequence analysis of spa

The sequence apa in S pseudintermedius (Accession number) was obtained from the
methicillin-susceptible reference strain ED99 (Baatmr et al. 2007). Interproscan

(http://www.ebi.ac.uk/InterProScgrwas used for primary protein structure analysid a

comparison with other conserved protein domainsASL sequence alignment tool

(http://www.ncbi.nim.nih.gov/blagtand Align X (Vector NTI) were used to study nuatide

and amino acid sequence similarity betw&gpseudintermedius andS. aureus.

Design, performance and validation of spa typing

Primers were designed for amplification and sequrgnof the variable region X agpain S.
pseudintermedius. Slspa F (5"-AACCTGCGCCAAGTTTCGATGAAG-3") and SI$pé5’ -
CGTGGTTTGCTTTAGCTTCTTGGC-3"). PCR was performeaifinal volume of 5QuL

containing of fuL of crude lysate, 0.5 uM of each primenl5of 10-fold concentrated PCR
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Buffer without MgC} (Applied Biosystems, California, USA), 2.5 mM MgC200uM
deoxynucleoside triphosphates, and 1.25 U of AnggliDNA polymerase (Applied
Biosystems, USA). Thermal cycling reactions comsigif an initial denaturation (10 min at
95°C) followed by 30 cycles of denaturation (3G 8%fC), annealing (30 s at 58°C), and
extension (60 s at 72°C), with a single final esten (10 min at 72°C). PCR products were
purified using the Nucleospin Extract Il kit (Macbg-Nagel, Germany). DNA sequencing
was performed by Macrogen Inc (Seoul, South Kousa)g BigDye (Applied Biosystems) on
a 3730xI DNA Analyzer (Applied Biosystems). Forwantd reverse sequences were aligned
using Align X (Vector NTI) and tandem repeat sequesnwere identified visually by
matching to the repetitive unit motifs shown in TeaB. A numeric code was given to each
unique repeat sequence apd types were designated numerically depending on the
composition and order of repeats. Eight randomlgcted isolates were subcultured daily for
10 days and sequencing of region X was repeatelhpsn 0 and 10 in order to assess stability
and reproducibility ofpa typing.

PFGE

PFGE was performed using the protocol describeldimchan et al. (2003) with minor
modifications. Briefly, colonies from overnight tules were incorporated into 1.6% (w/v)
agarose plugs. After 18 h lysis with lysostaphid fig/L, Sigma-Aldrich, Germany) and
RNase (50 mg/L, Sigma-Aldrich) at %7, plugs were incubated with proteinase K (20 mg/L,
Sigma-Aldrich) overnight at 5€. A 1 mm thick segment from the agarose plug vigasted
with Smal (20 U/mL, New England Biolabs, UK) for 4 h at’®5 PFGE was performed by
clamped homogenous electric field (CHEF) electropbis with a CHEF-DR 11l System (Bio-
Rad Laboratories, USA) in a 0.8% (w/v) agarosewg#i a pulsing switch time of 5 to 35 s at
6 V cmi’ for 20 h. Gels were analyzed using Gelcompar pplfed Maths, Belgium), and

cluster analysis was performed by UPGMA based erDiice similarity coefficient, with
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108 optimization and position tolerance set at 1.5% 2880, respectively. MRSP isolates were
109 clustered using an 80% homology cut-off, above Wisitains wereonsidered to be related
110 and assigned to the same PFGE type (A, B, or Glatks showing minor band differences
111  within the same PFGE type were assigned to dissmiotypes (A1-A7, B1-B3).

112 SCCmec typing and mecA sequence analysis

113 SCAQrec types were determined using the multiplex PCR rilesd by Kondo et al2007).
114 Only M-PCR 1 and 2 were performed in order to asSi§QGnec types based on the type of
115 ccr andmec elementsmecA sequencing was performed using primers previodiseribed by
116 Malik et al. (2006) and the sequences were analyzady AlignX (Vector NTI Advance 10,
117 Invitrogen, USA).

118 GeneBank accession numbers

119 Novel nucleotide sequences were submitted to GerleBad assigned the following

120 accession numbers: EU9308Hd in S, pseudintermedius ED99), EU929079r(ecAl),

121  EU929080 KnecA2), EU929081 ifiecA3) and EU929082nfecAd).

122

123 Results

124 Thespagene inS pseudintermedius ED99 was 1389 bp long and had 68% nucleotide and
125 55% predicted amino acid identity to the homologgeise in theS. aureus reference strain
126 8325-4 where protein A was originally describedr{@ank accession code J01786). The
127 predicted protein contained a number of functioaglons and conserved domains previously
128 described irS aureus, including four immunoglobulin G (IgG)-binding daims and a

129 polymorphic X-region (Figure la). Lack of IgG-bindidomain region B (58 aa) partly

130 accounted for the shorter proteinSrpseudintermedius ED99 (Figure 1b).

131 All MRSP isolates tested yieldega PCR products (100% typeability§equencing of

132 the PCR products showed the presence of varialiders (between 6 and 10) of 30 bp
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tandem repeats, resulting in the identificatiod®frepeats (Table 2) and nisg types

(Tables 3) were identified, witspa type t01 being assigned to the methicillin-susibégpt

strain used for designing the primers. The sgpadype (t02) was found in most isolates from
Germany (9/12) and Sweden (8/14). Otymx types observed among isolates from these two
countries (t03, t04, t05 and t08) were closelytegldo t02 and could have arisen from single
genetic events, i.e. one point mutation in either®' codon of the last repeat (t03 and t04) or
the 4" codon in the % repeat (t08), or a duplication of repeat r03 (t@8)) four canine

isolates from the USA belongeddpa type t06. Singletospa types were found in the
Swedish isolate displaying oxacillin susceptibilit§7) and in the UK isolate (t09). Tlspa
sequences remained unchanged following repeatedtexb subculture over 10 days,
indicating goodn vitro stability.

Only twenty-one isolates were typeableSoyal-PFGE (68% typeability), resulting in
the detection of three PFGE types (A, B, and C)weae further subdivided into 10 subtypes
(Alto A7, B1 to B3) (Table 1, Figure 2). The PF@Sults correlated with those obtained by
spa typing. PFGE type A grouped European isolag&snhing to t02-relategpa types, while
PFGE types B and C correspondedpa types t06 and 07. Indistinguishable PFGE patterns
were detected among isolates originating from chffié dogs and veterinary clinics in
Germany (A4, A6 and A7), Sweden (Al), and USA (Bdyure 2).

All American isolates harbored SG€c type V, whereas all European isolates
containedSCCmec type lll, except Swedish isolate 13 which displagetbmbination of
SCQmec I-II-1V cassette: type Bnec complex (found in SCec type | and IV cassettes) and
2 recombinasegcrA2-ccrB (SCAmec Il) andccrAd-cerB4 (SCQArec 1V). UK strain 3279
was non-typeable and probably a novel 8&Ctype. FoumecA alleles (necAl to mecAd)
showing 99% similarity to each other were dete¢Table 4). The foumecA alleles were not

associated to specific S@G€c elements as indicated by the finding of two distinecA
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alleles (necA2 andmec3) within SCQGnec type Il (Table 1). ThenecA sequences were
strongly associated with the geographical origithefisolatesmecAl occurred in all US
isolatesmecA2in all Swedish isolatesnecA3 in all Germany isolates, amoecA4 in the UK
strain. ThamecA sequences i8. pseudintermedius had 99% identity to the homologous gene

in MRSA Mu50 (NP 370565).

Discussion

A species-specifigpa typing protocol was developed following the disegvof a
staphylococcal protein A homolog in the genom&. gifseudintermedius. This single-locus
sequence-based approach is based on the sam@lesnesed fospa typing of S. aureus
(Koreen et al., 2004) and has gradually replacedEPfor MRSA typing at national reference
laboratories. The results of our study indicate $hatyping is a valuable tool for
epidemiological surveillance of MRSP. Various DNAsed techniques have previously been
used for typindS. pseudintermedius, including ribotyping (Hesselbarth et al., 1998FGE
(Shimizu et al., 1996) and intergenic ribosomal Ddfacer polymorphism (Bes et al., 2002).
However, such band-based methods do not faciliatemunication of results between
laboratories and therefore are not suitable fog{mmm epidemiological surveillance of
MRSP at the national or international level. Iniadd, PFGE, which is the method most
commonly used for typing & pseudintermedius, is laborious and no standardized protocol is
available for this species.

Both PFGE andpa typing resulted in higher discriminatory powernhLST as they
were able to discriminate between isolates belgnhtgirthe same ST (Table 1). The sequence
variation in the variable region X & pseudintermedius consisted otluplications or deletions
of whole repeats or point mutations within repe@tse region was shown to be stable

following repeated subculture over ten days, sugggshat the genetic diversification rate is
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207

relatively low but sufficient for discrimination tveeen epidemiologically-related MRSP
isolates. Typeability was higher fgpa typing but the low typeability observed with PFGE
could be attributable to the specific protocol usethis study. More importanthgpa typing

is less time-consuming than PFGE and greatly sfraplcommunication between
laboratories. One major advantagesgd typing over PFGE is the possibility to collect and
harmonize data in a database freely accessibiggmet users. This step will first require the
development of software enabling automatic iderdifion of repeats and assignmenggda
types, similarly to those currently available Smaureus spa typing (Ridom StaphTypéand
Bionumerics™).

The main limitation of this study was the low numb&éMRSP isolates tested. The
spa typing protocol developed in this study needsadusther validated and implemented
using larger collections of MRSP isolates. Metliitisusceptible isolates should be included
to test the usefulness of the method for epidergio#d studies of. pseudintermedius.
Preliminary data generated at this laboratory iadi¢hat the typeability rate may be lower
(58%) among methicillin-susceptible isolates (daaashown). Thepa gene might not be
present in all members of this species, or at leaistietectable using the primers described in
this study. Since the primers were designed basdbespa sequence of a single methicillin-
susceptible strain, further investigation of thetidbution and sequence variationspa in S
pseudintermedius is needed for optimizing this typing method. Evfeihe low typeability rate
observed in methicillin-susceptible isolates wasficmed, spa typing could still represent a
valid tool for rapid identification of MRSP clones.

Broad geographic dissemination of successful MR&tetic lineages was previously
hypothesized by MLST analysis (Bannoehr et al.,720@solving into two predominant
sequence types (ST) in Northern Europe (ST71) anlde USA (ST68). The data generated

by our study provides further information on intend intraclonal diversity of these two
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MRSP lineages. A singlga type (t06) and three PFGE subtypes (B1 to B3) wletected
among the four American isolates belonging to ST&tiple spa types (t02, t03, t04, t05,
and t09) and PFGE subtypes (Al to A7) were idettifivithin the European clone ST71. The
spatypes associated with a given PFGE type showedasicomposition and organization of
repeats. For example, the figea types associated with PFGE type A differed prinyanif
single point mutations and their diversity couldaxplained by possible microevolution of
t02, resulting in the development of the other fqpartypes. The samgpatype (t02) was
found in epidemiologically unrelated dogs attendmetgrinary clinics in Hamburg and in two
Swedish cities located 135 km apart, indicatingainand inter-country clonal spread of an
epidemic MRSP clone. The same clone has recently leported among clinical MRSP
isolates in Switzerland (Descloux et al., 2008) amdsequently identified @pa type t02
(Vincent Perreten, personal communication).

ST71 and ST68 contained distinct B elements, type Ill and type V, respectively.
The same two SQ@ec types were previously reported in MRSP occurring aéterinary
teaching clinic in Japan (Sasaki et al., 2007bhyBrid SCGnec type II-1ll was reported by
Descloux et al. (2008) among Swiss ST71 isolatéshisi SCC@nec element would have been
classified as type Il (class ec complex anatcrAB3 recombinase) according to the criteria
used in the present study. SGE type |1l was also described in a MRSP isolate flmmman
bloodstream infection in Italy but no informatiormsvavailable on the genetic lineage of this
human isolate (Campanile et al., 2007). The foseoledmecA alleles were associated with
the geographical origin of the isolates rather thith the SC@nec type containing the
resistance gene. The fact that two distimetA alleles (necA2 andmecA3) were observed
within the same clonal background and $@&Ctype (ST71, SC@ec IIl) suggests thamnecA

polymorphism analysis could be used for high-resmiusubtyping of MRSP clones.
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232 This is the first study describing the presenca sfaphylococcal protein A homolog
233 in S pseudintermedius. Based on the similar sequence and organizatierhypothesize that
234 the putativeS. pseudintermedius protein could be surface-associated with relfiedtions,
235 i.e. inhibition of opsonization and phagocytosisdyding to the Fc-portion of 1IgG. The

236 predicted protein was shorter tharSraureus reference strain 8325-4 due to lack of the IgG-
237 binding domain B. Uhlén et al. (1984) reported Satureus can contain four to five

238 homologous IgG-binding domains. Deletion of an lgi@ding domain seems to be common
239 in S aureusas it was observed in five out of 11 protein A sagies deposited in Genbank
240 (data not shown).

241 In conclusiongpa typing showed to be a useful tool to trace dissation of the

242 epidemic MRSP clone spreading in Europe and mogeimneral a promising method for easy
243 and rapid typing of MRSP, either alone or in conalion with SC@nec andmecA typing for
244  fine-structure epidemiological analysis. Furthesmistigation is warranted to verify the use of
245 this method for typing methicillin-susceptible iatds and to investigate the potential role of
246 protein A as a virulence factor 8 pseudinter medius.

247
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Figure captions

Figure 1. Schematic representation of protein ASrpseudintermedius based on nucleotide
and predicted amino acid sequence analy&ig.Conserved domain structure of protein A in
the methicillin-susceptible strain ED99. SSS, stayhal sequence; TM, transmembrane
domain; four IgG-binding domains; LysM, lysin mo#R, anchor region(1b) Predicted
amino acid similarity of protein A betweé&pseudintermedius ED99 andS. aureus 8325-4

in the segments coding for the signal sequencai{&)jmmunoglobulin G-binding regions

(A-E) and region X.

Figure 2: Dendrogram based on pulsed field gel electropheaasalysis of methicillin-

resistantS. pseudintermedius.
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Table

1

Table 1: Origins, antimicrobial resistance profiles, and genotypes of mecA-positive S.

2 pseudintermedius strains used in this study
Strain  Country Origin OXA MIC (mg/L) SCCmec mecA  spa PFGE MLST
Gl Germany Canine >256 I 3 t02 A6 71
G2  Germany Canine >256 I 3 t03 A7 ND
G3  Germany Canine >256 I 3 t02 A7 71
G4  Germany Feline >256 I 3 t02 A4 71
G5  Germany Canine >256 11T 3 t02 A3 ND
G6  Germany Canine >256 I 3 t02 A6 ND
G7  Germany Canine >256 I 3 t02 A7 ND
G8  Germany Canine >256 11T 3 t02 A4 ND
G9  Germany Canine >256 11T 3 t04  AS ND
G10  Germany Canine >256 I 3 t02 A4 ND
GI1 Germany Canine >256 III 3 t02 A2 71
G12 Germany Canine >256 11T 3 t0S A7 ND
Ul USA  Canine >256 A% 1 t06 B3 68
U2 USA Canine >256 A% 1 t06 B3 68
U3 USA Canine >256 VvV 1 t06 Bl 70
U4 USA  Canine >256 A% 1 t06 B2 68
S1 Sweden Canine 0.75 [+1v 2 t07 C 69
S2 Sweden Canine >256 111 2 t02 NT ND
S3 Sweden Canine >256 111 2 t02 NT ND
S4 Sweden Canine >256 111 2 t02 Al 71
S5 Sweden Canine >256 111 2 t08 Al 71
S6 Sweden Canine >256 111 2 t08 Al ND
S7 Sweden Canine >256 111 2 t02 Al ND
S8 Sweden Canine >256 111 2 t02 NT ND
S9 Sweden Canine >256 111 2 t02 NT ND
S10 Sweden Canine >256 111 2 t08 NT 71
S11 Sweden Canine >256 111 2 t02 NT ND
S12 Sweden Canine >256 11 2 t02 NT ND
S13 Sweden Canine >256 111 2 t08 NT 71
S14 Sweden Canine >256 111 2 t08 NT 71
UK1 UK  Canine >256 NT 4 t09 NT 29
3 ND, not determined; NT, non-typeable;
4  CEP, cefalotin; CLI, clindamycin; ENR, enrofloxacin; ERY, erythromycin; FD, fusidic acid;
5  FOX; cefoxitin; GEN, gentamicin; MUP, mupirocin; PEN, penicillin; OXA, oxacillin; RIF,
6  rifampicin; SXT, trimethoprim/sulfamethoxazole; TET, tetracycline
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7  Table 2: Differences in the nucleotide sequence between mecA alleles in S. pseudintermedius

& and reference strain S. aureus Mu50

Allele Location’
Pos. Pos. Pos. Pos. Pos. Pos. Pos. Pos. Pos. Pos. Pos. Pos.  Pos.
35 36 37 75 84 502 513 594 642 675 907 1465 1830
mecAl A G T A A G - A - A - A T
mecA2 T A G A A - T - T T AGAGTC G T
mecA3 T A G A G G - A - T - G T
mecA4 T A G A A G - A - T - G A
Mu50 T A G C A G - A - T - G T

9  a. Position relative to mecA in S. aureus Mu50 (GenBank accession no. NP 370565)
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10

11

Table 3: spa types identified in 31 mecA-positive S. pseudintermedius

spa type Repeat sequence
t01 r01 r02 r03 r03 r03 r03 r04 r05
t02 r01 r02 r03 r03 103 r06 r05
t03 r01 r02 r03 r03 r03 r06 107
t04 r01 r02 r03 r03 r03 r06 r08
t05 r01 r02 r03 r03 r03 r03 r06 r05
t06 r01 r02 r03 r03 r06 r05
t07 r01 r09 r03 r10 r02 r03 r06 r05
t08 r01 r02 r11 r03 103 r06 r05
t09 r01 r12 r02 r02 103 r13 r03 r06 r05
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ACCEPTED MANUSCRIPT

12 Table 4: DNA sequence of the 13 spa repeats identified in 31 mecA-positive S.
13 pseudintermedius. The sequences are displayed as ten coloured codons, and identical codons

14  in the same column are indicated with the same colour.

spa repeat DNA sequence Amino Acid

code sequence

r01 AAA GCT AAA GENKAEDKGN
r02 AAA GCT AAA KENKAEDKGS
r03 AAA GCT AAA KEDKAEDKGS
r04 ATA GAA GAT AAA GCT AAA IEDKAKDKDN
r05 AAA GCT AAA KEGKAADKGM
r06 AAA GCT AAA KEDKAKDKDN
r07 AAA GCT AAA KEGKAAHKGM
r08 AAA GCT AAA KEGKAANKGM
r09 AAA GCT AAA KGNKAEDKGS
rl0 AAA GCT AAA KEDKAEDKGN
rll CAA GCT AAA KEDQAEDKGS
rl2 AAA GCT AAA KENKAEDKGN
rl3 AAA GCT AAA KEDKAEDKGS

General AAA GAA GAC AAA GCT GAA GAC AAA GGC AXC KEXKAEDKGX
Consensus
Motif 1 AAA GAA XXX AAA GCT XAA XXX AAA GXX XXX

Motif2 XXX GAA XXX AAA GCT XAA GAC AAA GXX XXX

15
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Figure 1
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