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a b s t r a c t
The effectiveness of fosfomycin was examined across 31 methicillin-resistant Staphylococcus
pseudintermedius (MRSP) strains by agar dilution. Prevalence of the fosfomycin-resistance determinant
gene, fosB, was assessed by PCR analysis. Results found that 84% of isolates were fosfomycin-susceptible.
Interestingly, 87% of isolates possessed fosB, indicating no association between this putative
staphylococci resistance gene and phenotypic resistance. Further evaluation of fosfomycin as a potential
treatment of MRSP in dogs is warranted.
Ó 2014 Elsevier Ltd. All rights reserved.

Antimicrobial resistance poses a critical challenge in veterinary
medicine. Recently, methicillin-resistant Staphylococcus pseudintermedius (MRSP) has emerged as an increasingly common problem in dogs (Nienhoff et al., 2011; Ruscher et al., 2009).
Methicillin-resistant staphylococci are resistant to virtually all
beta-lactam antimicrobials (penicillins, cephalosporins, carbapenems) by virtue of the mecA gene, which encodes an altered penicillin binding protein. Additionally, MRSP isolates are often resistant
to numerous other antimicrobial classes (Wendlandt et al., 2013)
providing very few treatment options. Identiﬁcation of other antimicrobial approaches to the treatment of MRSP, particularly using
drugs that are not used for the treatment of critically ill human patients, is important.
Fosfomycin (FOS) is an old antimicrobial that has seen a revival
in practice in humans in recent years in both mono- and combination therapy (Michalopoulos et al., 2011). While FOS is more commonly used for treatment of urinary tract infections (Slekovec
et al., 2012; Wilson and May, 2013), it has been shown to be effective in vitro and in vivo for infections of pathogenic canine and
feline Escherichia coli (Hubka and Boothe, 2011) and other body
sites caused by Staphylococcus aureus (Miróa et al., 2012), including
MRSA (Kono et al., 1994; Lau et al., 1986), and has efﬁcacy as
combination therapy against MRSA bioﬁlm (Apisarnthanarak
and Mundy, 2007; Tang et al., 2012). Its effective use in the
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clinical setting has been attributed to its unique antimicrobial
mechanism—providing a limited risk of cross-resistance—and
ability to penetrate deeply through tissue (Kumon and Ono,
1995; Kusachi et al., 2011; Mikuniya et al., 2007) which are appealing factors. FOS interferes with cell wall synthesis of peptidoglycan
and enters FOS-susceptible bacteria by means to two different
transport uptake systems; the L-a-glycerophosphate transport system (GlpT) and the hexose–phosphate uptake system (UhpT) (Kahan et al., 1974). Good tissue distribution and bioﬁlm penetration
are as well attributed to its low molecular weight and negligible
protein binding (Frossard et al., 2000). These properties suggest
that FOS might be a viable treatment option for some MRSP infections, but the susceptibility of MRSP to FOS has not been previously
reported. This study assessed the effectiveness of FOS against MRSP
strains through standard in vitro agar dilution experimentation.
A convenience sample of 31 epidemiologically-unrelated MRSP
isolates from dogs from Canada (n = 21) and the United States
(n = 10) were studied (Table 1). They had been previously characterized by sequence analysis of the mec-associated direct repeat
unit (dru typing) (Goering et al., 2008). Dru types corresponding
to the two main international clones ST68 (n = 17, 54%) and ST71
(n = 10, 32%) accounted for 87% of isolates. FOS susceptibility was
determined by agar dilution using Clinical and Laboratory Standards Institute (CLSI) standards (Institute, 2008). Isolates were
grown in pure culture on Columbia agar with 5% sheep blood then
suspended in phosphate buffered saline (PBS) to achieve a
0.5 McFarland standard (108 CFU/ml). Using a Steer replicator
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these suspensions were then inoculated onto plates of Mueller–
Hinton agar supplemented with FOS and 25 lg/ml glucose-6-phosphate to improve FOS uptake (Kahan et al., 1974). Results were
interpreted as growth (resistant) or no-growth (susceptible) as
per EUCAST guidelines (OEGACH, 2009). Twofold dilutions of FOS
from 256 to 0.125 lg/ml were tested with EUCAST breakpoints
standards for susceptibility (<32 lg/ml) (OEGACH, 2009).
Polymerase chain reaction (PCR) was used to identify a gene
that has been associated with plasmid-resistance in staphylococci,
fosB. PCR primers were fosBFwd, 50 ACC GGT ACT TTA CAA GAG CGT
30 , and fosBRev, 50 AAC AGC ACC ATC ACT TCC TT 30 . PCR ampliﬁcation cycling conditions for fosB consisted of 2 min of denaturation
at 95 °C, followed by 30 cycles of denaturation at 95 °C for 15 s,
annealing at 57 °C for 15 s and extension at 72 °C for 30 s. One
PCR product was sequenced to conﬁrm ampliﬁcation of fosB during
assay development (data not presented).
FOS minimum inhibitory concentrations (MICs) ranged from
0.125 to 64 lg/ml with 24 (77%) isolates evaluated as susceptible
and an MIC50 and MIC90 of 0.125 and 64 lg/ml, respectively
(Fig. 1). These results indicate that MRSP isolates are often susceptible to FOS in vitro, suggesting that this antimicrobial should be
studied further in dogs to determine whether it is a viable treatment option for MRSP infections. Its high excretion percentages
in urine makes it an ideal candidate for urinary tract and catheter
based infections (Cheng et al., 2010), but it may also be effective in
infections of other body sites (Gutierrez et al., 2008). Particularly it
could be used in skin, soft tissue, and surgical site infections where
MRSP predominates; however, care must be taken prior to widespread clinical use. Some of the adverse effects of fosfomycin therapy in veterinary species include the potential for acute renal
insufﬁciency with increased serum levels of blood urea nitrogen
and creatinine (Fukata et al., 2008).
While most isolates were susceptible, resistance was detected,
even though it is very unlikely that any of these dogs had been

Table 1
The origin location and the sequence type of 31 canine MRSP isolates.
Isolate
selected

Anatomical sample
site

Origin
location

Sequence
type

Dru
type

A3
A12
A14
A23
A42
A46
A56
A92
A132
P147
BH01
SP77
SP90
SP102
SP104
SP105
SP106
SP111
SP112
SP113
SP123
SP132
SP135
KB14
KB113
KB154
KB157
KB184
KB280
KB346
KB438

Pyoderma
Otitis
Nasal swab
Otitis
Pyoderma
Pyoderma
Pyoderma
Abscess
Nasal swab
Nasal swab
Nasal swab
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma
Pyoderma

U.S.A
U.S.A
U.S.A
U.S.A
U.S.A
U.S.A
U.S.A
U.S.A
U.S.A
U.S.A
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada

71
68
68
68
68
71
71
71
68
n/a
68
68
71
68
68
68
71
n/a
71
71
n/a
68
68
68
68
71
71
68
68
68
n/a

9a
10 h
10 h
10a
11a
9a
9a
9a
11a
10bm
11a
11a
9a
11a
10 h
10 h
9a
7d
9a
9a
7ac
10 h
10 h
11a
10 h
9a
9a
10 h
11a
10 h
5i

Fig. 1. Distribution of fosfomycin minimum inhibitory concentration (MIC) of 31
methicillin-resistant S. pseudintermedius isolates by agar dilution. Vertical line
indicates EUCAST breakpoint. S = susceptible, R = resistant.

exposed to fosfomycin. The prevalence of FOS resistance was higher in dru types consistent with ST 71 (7/10, 70%) when compared to
those associated with ST68 (0/17, 0%) (P < 0 .001). The reason for
the difference in FOS resistance between the two major genetic lineages is unclear, in large part because the mechanism of resistance
is unclear but deserving of further study.
One potential mechanism of fosfomycin resistance is the presence of fosB, a gene the encodes enzyme-based modiﬁcation of fosfomycin after cellular uptake. fosB was identiﬁed in 27 of 31
isolates (87%) with 20 of 24 (83%) FOS-susceptible isolates and 7
of 7 (100%) FOS-resistant isolates expressing the gene. There was
no association between the presence of fosB and FOS-resistance
(Fisher’s exact P = 0.55). Reasons for this are unclear, and include
the potential that fosB does not actually confer resistance, that fosB
is not constitutively expressed or that some of these strains had a
non-functional gene. Study of gene expression would be required
to determine whether there is variable expression, or no expression, of this gene. Sequence analysis of the entire gene could also
be performed to attempt to identify any potentially relevant gene
alterations.
It is important to consider issues pertaining to interpretation of
in vitro testing. Veterinary breakpoints are lacking and while there
is a clear, highly susceptible wild-type population and a resistant
population, some isolates that fall within the susceptible range
have substantially higher MICs than others. Scrutiny of breakpoints
is needed to ensure that these isolates are truly likely to be susceptible in vivo; in particular the isolate with a FOS MIC of 16 lg/ml
that is grouped with the resistant population, quite apart from
the wild type group (Fig. 1). Additionally, systemic use of this antimicrobial in mono-therapy in humans has resulted in the selection
of mutant strains showing high-level chromosomal and plasmidbased resistance (Reeves, 1994; Thauvin et al., 1988), rising concerns about monotherapy in animals. An apparent effect of strain
was also noted with all resistant isolates belonging to ST71-associated dru types, and no resistance among dru types associated ST68,
the other major international clone (Perreten et al., 2010). The potential efﬁcacy of FOS may therefore be regional and best in areas
where ST71 does not predominant (e.g. North America) (Perreten
et al., 2010).
Despite these potential concerns, recent studies that have highlighted the clinical efﬁcacy of FOS in combination with other antimicrobials for the treatment of nosocomial infections for various
Gram-positive and Gram-negative bacteria (Anderson et al.,
2013; Michalopoulos et al., 2010; Miróa et al., 2012), suggest that
evaluation of FOS-containing drug combinations for MRSP infections in dogs might be warranted.
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The high prevalence of fosB seen here was surprising given the
low prevalence of FOS-resistance. The lack of an association between FOS-resistance and the presence of fosB could be the result
of repression of or a non-functional fosB gene. Whether a functional fosB gene or different mechanism was the cause of the
FOS-resistant population is unclear but indicates the need for further study of FOS resistance in MRSP, particularly since all FOSresistant isolates possessed fosB. Additionally, it can reasonably
be assumed that it is extremely unlikely animals from which these
isolates originated had been treated with FOS based on anecdotal
understanding of the exceedingly rare use of this drug in dogs, raising questions about why this gene was so commonly present.
The isolates that were tested were a population of convenience;
however, they were from various surveillance studies and no potential biases, particularly with respect to FOS resistance, are readily identiﬁable. And although the relatively small sample size
should be considered, the results indicate that FOS might be able
to play a role in the treatment of MRSP infections. Further study
into the mechanisms of FOS-resistance and the discrepancy in fosB
prevalence and FOS-resistance is needed. The emergence of resistance seen in these strains without previous exposure raises concerns regarding resistance determinants to other species when
used in mono-therapy. However, successful clinical trials with
combinational therapy against Gram-positive cocci show potential
for a new treatment for MRSP based infections and ultimately indicate the need for proper in vivo study of this drug.
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