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The indiscriminate use of first-line drugs contributed to the spread of resistant bacteria, a
major concern for both human and veterinary medicine. Methicillin resistance is acquired
through the mecA gene, which encodes for the PBP2a protein and lends the resistance to
B-lactams. Verifying the correspondence between gene harboring and protein expression
and accelerating methicillin resistance diagnosis is critical to improve the management of
antimicrobial administration and to reduce the spread of drug resistances. We tested the
applicability of immunofluorescence targeting PBP2a protein to identify a new potential
methicillin resistance screening test, ancillary to conventional culture methods. We
collected 26 clinical Staphylococcus pseudintermedius (SP) isolates: 25 from canine
pyoderma and 1 from dermatitis in a dog owner. SP is one of the most important
etiological agents in canine pyoderma and can harbor the mecA gene. We performed
PCR for mecA gene detection, broth microdilution (BMD) for phenotypic methicillin
resistance, and immunofluorescence targeting PBP2a protein. Compared to the PCR
as the gold standard, immunofluorescence showed an apparent prevalence of 34.6%
vs. a true prevalence of 53.8%, with 100% specificity, 64.3% sensitivity, and 80.8%
diagnostic accuracy. PBP2a expression showed isolate-dependent variability: in some
isolates, most of the bacterial cells showed an intense and clearly membranous pattern,
while in others only a few of them could be detected. Performing the assay in duplicate
improved the diagnostic accuracy. Since the mecA gene is shared among the members
of the Staphylococcus genus, the test can be applied to identify methicillin resistance
independently from the staphylococcal species, both in human and animal samples.
Being a rapid and easy method and providing the unique possibility to study the
expression of PBP2a by directly visualizing the morphology, it could represent a new
interesting tool for both research and diagnostics. To accelerate methicillin resistance
diagnosis, it would be worth further testing of its performance on cytological samples.

Keywords: Staphylococcus pseudintermedius, methicillin resistance, fluorescent antibody technique,
penicillin-binding protein 2a, antimicrobial drug resistance, pyoderma, dogs, humans
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INTRODUCTION

The indiscriminate use of first-line drugs has sparked off
the development of resistance mechanisms to antimicrobials
by bacteria over time. This is a growing problem afflicting
both human and veterinary medicine, so that, in 2019 the
World Health Organization (WHO) included the antimicrobial-
resistance in the list of the ten major threats to human health
(1, 2). The spreading worldwide of methicillin resistance in
Staphylococcus aureus (SA) is a particular health concern, that
poses serious problems in the choice of the proper therapy (2, 3).
Methicillin resistance is due to the acquisition and expression
of the mecA gene. It is located on a mobile element called
staphylococcal cassette chromosome mec (SCCrmec) (4) and can
be easily transferred between staphylococcal species (5).

Staphylococcus pseudintermedius (SP) is a normal colonizer
of the dog skin, which often acts as an opportunistic pathogen,
and is one of the most important pyogenic agents in canine
pyoderma. Failure in identifying/resolving the primary cause of
pyoderma, inappropriate therapy, antimicrobial resistance, or
lack of owner’s compliance can lead to infection recurrence or
persistence and repeated therapy (6, 7).

Similarly to SA, SP can acquire resistance to f-lactams,
the most used antimicrobial drugs, through the mecA gene.
The gene encodes for penicillin-binding protein 2a (PBP2a),
resulting in an altered cell wall composition and lower affinity for
B-lactams (4, 8).

In SA, a strain-dependent variability in methicillin/oxacillin
resistance level is reported (4, 9). Additionally, despite the
detection of the mecA gene, some isolates were found
susceptible to oxacillin (OXA). This status was defined as the
“pre-methicillin-resistant” phenotype (10, 11). These previous
findings suggest that the mecA gene harboring could not
correspond to the protein expression. Indeed, Rohde et al.
underlined the importance of verifying the congruity between
gene presence and the expression of the related protein
(12). In experimental conditions, they demonstrated that an
immunofluorescence test can be successfully employed for
this purpose, suggesting its use as a rapid screening test for
susceptibility. To the best of our knowledge, similar studies have
never been conducted on clinical isolates of SP.

Additionally, SP isolates harboring the mecA gene are often
resistant to other classes of antimicrobial agents, showing a
“multi-drug resistant” (MDR) phenotype, which increases the
effort of establishing an adequate targeted therapy (7, 13-15). SP
also has a zoonotic potential and people in close contact with
dogs (e.g., pet owners, veterinarians) are at maximum risk for
infection, especially if they have a compromised immune system
(6,7, 16).

In such a context, speeding up the detection of methicillin
resistance is a key factor to avoid choosing an inappropriate
antimicrobial agent that would affect both the disease resolution
and the further development of resistances (13, 17-19).

Our study aimed firstly to test the possibility to use a
commercially available antibody targeting PBP2a protein
in methicillin-resistant ~ Staphylococcus — aureus (MRSA),
never validated in immunofluorescence or tested in

methicillin-resistant Staphylococcus pseudintermedius (MRSP).
Secondly, to evaluate the performance of immunofluorescence
targeting PBP2a protein on clinical SP isolates from canine
pyoderma. We compared those findings with the minimum
inhibitory concentration (MIC) of OXA obtained by broth
microdilution (BMD) and with PCR for the mecA gene, to
investigate the agreement between the methods, as well as the
matching between mecA gene harboring and PBP2a protein
expression. Finally, we sought to explore the potentiality of this
technique as a rapid screening test ancillary to conventional
culture methods.

MATERIALS AND METHODS

Bacteria Isolation and Antimicrobial
Susceptibility Testing

Twenty-six SP isolates, previously included in a larger study
on susceptibility testing methods comparison (20), were used
in this study: 25 were isolated from canine pyoderma and 1
from a dermatitis sample of a dog owner. Only one isolate
per subject was collected. Bacteria were isolated in clinical
microbiology laboratories of Central Italy during routine work
throughout 2019. Identification of the isolates was performed
to the species level both by PCR-restriction fragment length
polymorphism approach (RFLP), based on the detection of
the Mbol restriction site on pta locus (21), and by the Vitek-
2 system (bioMérieux Inc., Durham, NC), using the most
up-to-date GP ID cards, as previously described (20). Before
testing, all isolates were cultured from —20°C storage onto
Mannitol Salt Agar plates supplemented with 5% v/v Egg
Yolk Emulsion and sub-cultured on cation-adjusted Mueller-
Hinton agar (CAMHA). The MICs of OXA for the selected
isolates, which is the recommended method to phenotypically
predict methicillin resistance in SP, were investigated by
BMD as previously described (20). Additionally, the MICs for
amoxicillin/clavulanate, cephalothin, gentamicin, enrofloxacin,
clindamycin, trimethoprim/sulfamethoxazole, doxycycline, and
mupirocin were also determined (20). Bacteria resistant to at
least three antimicrobial classes were classified as MDR (22).
A methicillin-resistant SP isolate, from which the mecA gene
was sequenced, was used as a positive control in PCR and
immunofluorescence assay.

PCR-Based Identification of mecA Gene

PCR for the mecA gene is the gold standard method for
the detection of methicillin resistance (23). DNA from pure
SP cultures was extracted by boiling. Bacterial colonies were
resuspended in 500 pL of ultrapure molecular biology-grade
water and subjected to boiling at 100°C. The suspension
was cooled on ice and centrifuged at 14,000 rpm for
10 min. The supernatants were collected for conventional PCR
analyses. Single PCR amplifications were performed in 25-puL
reaction mixtures using Recombinant Taq DNA polymerase
(Takara, Dalian, China) according to the manufacturer’s
instructions. The chromosomic mecA gene was amplified using
0.4uM of primer f~fAAAATCGATGGTAAAGGTTGGC and
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r-AGTTCTGCAGTACCGGATTTGC (Sigma-Genosys, Milan,
Italy) (24). All PCR were performed in the GeneAmp PCR
System 2400 thermocycler (Applied Biosystems, Foster City,
CA), according to the following amplification conditions: initial
denaturation at 94°C for 5min, followed by 40 cycles of
amplification at 94°C for 30s, annealing at 55°C for 30s,
extension at 72°C for 1 min, and a final extension step at 72°C for
5 min. Positive control, from which the mecA gene was previously
sequenced, a negative control (negative sample), as well as a
negative reaction mix control (containing the reagents and water
instead of DNA), were included in each run. The presence and
size of the amplified products were confirmed by electrophoresis
on 1.5% agarose gel.

Immunofluorescence

For bacteria fixation, a modified protocol was used (12). Briefly,
all isolates were fixed adding 3 volumes of 4% formaldehyde
in Tris-buffered saline (TBS) buffer. After 1h incubation at
4°C, bacteria were washed 3 times through centrifugation and
resuspension in TBS buffer. Finally, bacteria were suspended in
a 1:1 ethanol/TBS solution and used directly. Bacteria solution
could be also stored at —20°C before use. Ten ! of each bacteria
solution were pipetted on a glass slide and dried for 3 min at 52°C
on a hot plate. Slides were stored in the dark until used.

To permeabilize bacteria, slides were incubated with a
lysozyme solution (213 wg/ml in TRIS buffer 50 mM, pH 7;
Lysozyme, 8259.1, Carl Roth, Karlsruhe, Germany) for 30 min
at room temperature (RT) in a humidified chamber and rinsed
in TBS buffer. Slides were blocked with blocking buffer (2%
bovine serum albumin in TBS buffer; bovine serum albumin
solution, A7034, Sigma-Aldrich, Saint Louis, MO) for 10 min
at RT. Since the mecA gene is shared by the Staphylococcus
genus (5, 25), we used a specific anti-PBP2a primary antibody
validated for application in ELISA and WB to detect MRSA
(130-10073, RayBiotech, Peachtree Corners, GA), thus testing
its applicability in immunofluorescence and in the detection of
MRSP. Slides were incubated overnight at 4°C in a humidified
chamber with the rabbit primary antibody diluted 1:200 in
blocking buffer. Slides were rinsed in TBS and incubated with
a biotinylated goat anti-rabbit secondary antibody (BA-1000,
Vector Laboratories, Burlingame, CA) diluted 1:200 in TBS for
1h at RT. After rinsing in TBS buffer, samples were incubated
in a dark humidified chamber with the Alexa Fluor® 488
streptavidin conjugate (S-32354, Life Technologies, Paisley, UK)
diluted 1:200 in blocking buffer for 1h at RT. Finally, the
rinsed slides were incubated in the dark with 4, 6-diamidino-2-
phenylindole, dilactate (DAPI; D3571, Invitrogen, Eugene, OR)
diluted 1:1000 in TBS buffer for 5min at RT. After carefully
rinsing in TBS, slides were coverslipped with ProLong™ Gold
antifade mountant (P36930, TermoFisher Scientific, Rockford,
USA). As a positive control for the immunofluorescence assay,
we used the isolate used for PCR validation, which resulted as
methicillin-resistant also by BMD. The same isolate was used
as a negative control, omitting the primary antibody. To verify
the specificity of the antibody, we selected one of the isolates
confirmed for being methicillin-sensitive both by PCR and BMD
as additional negative control (Table 1).

TABLE 1 | Results of methicillin resistance investigation in the SP isolates and
their MDR status.

Isolate MIC* Category PCR IF** MDR
Pos ctr >32 R + + +
Neg ctr <0.125 S — — —
SPO1 <0.125 S — — _
SP02 <0.125 S — — _
SP03 <0.125 S — — _
SP04 >32 R + + +
SP05 >32 R + + +
SP06 >32 R + + 4
SPO7 >32 R + + +
SP08 <0.125 S — — —
SP09 8 R + + +
SP10 <0.125 S — - —
SP11 1 R - - 4
SP12 >32 R + + +
SP13 >32 R + - +
SP14 1 R + - -
SP15 0.25 S - - —
SP16 <0.125 S — - —
SP17 >32 R + + +
SP18 <0.125 S — - —
SP19 >32 R + - +
SP20 <0.125 S — - —
SP21 >32 R + + +
SP22 0.5 R + — _
SP23 1 R + _ ND
SP24 <0.125 S — - _

R, resistant; S, sensitive; ND, not determined; SP24, human isolate.
"Resuits of BMD were previously published (15).
**The immunofluorescence (IF) results after 2 replicates are shown.

We performed two technical replicates of the
immunofluorescence assay. Except for the positive and negative
controls, all the slides were blindly evaluated for PBP2a
expression by one operator to avoid inter-operator variability.
When at least one of the immunofluorescence assays was positive,
we considered the PBP2a expressed. Samples were evaluated
using a fluorescent microscope Olympus BX51 equipped with
the camera Nikon mod.DS-Qi2Mc. NIS-ELEMENTS D software
was used for image analysis.

Statistical Analysis

For descriptive statistics data are shown as absolute and
relative frequencies. To evaluate the inter-method agreement, we
calculated both the categorical agreement and Cohen’s kappa.
The categorical agreement is represented by the proportion of
the isolates producing the same category result (methicillin-
sensitive or -resistant) as compared to the reference method.
Major error (ME) was reported when the reference test returned
a sensitive result, while the method under evaluation returned
resistant. Conversely, a very major error (VME) indicates
that the reference test returned a resistant result but the
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method under evaluation returned sensitive (26). Unweighted
Cohen’s kappa with 95% confidence interval (Clgsy) based on
bootstrap (10,000 replicates) was calculated and interpreted
as previously described (27). Finally, referring to PCR as the
gold standard, the sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV), likelihood ratio
for a positive test, likelihood ratio for a negative test, and
diagnostic accuracy of the immunofluorescence assay were also
calculated according to previous literature (28, 29). Statistical
analyses were performed using the software R (R version
4.0.3) (30).

RESULTS

We examined 25 SP isolates from canine pyoderma and 1 from
a dermatitis sample of a dog owner (Table 1). Based on MIC
determination, 57.7% (15/26) of the samples were resistant to
OXA and 52% (13/25; one case not determined) were MDR.
The majority of MDR SP were OXA resistant (92.3%, 12/13;
Figure 1).

Based on the results of PCR, 14/26 (53.8%) SP isolates
harbored the mecA gene, and, with only one exception, results
of MIC evaluation and PCR were in agreement. Specifically,
the isolate SP11 was classified as resistant to OXA with a MIC
of 1 mg/L, but PCR did not detect the mecA gene for this
SP. Consequently, one ME was produced and the categorical
agreement between the two methods was 96.1% (25/26).

Overall, a clear division between OXA MICs was found
between mecA-positive and -negative isolates. The majority
of mecA-positive SP (10/14, 71.4%) showed an OXA MIC
> 32 mg/L while, except for SP11, all mecA-negative
isolates had an OXA MIC < 0.25 mg/L (11/12, 91.6%;

Supplementary Figure 1A). A low level of resistance to
OXA was found also for the isolates SP14 and SP21, but, in these
cases, PCR detected the mecA gene (Table 1).

In the immunofluorescence assay, the PBP2a expression has
a clear membranous pattern with isolate-dependent variability:
while in some isolates the expression was evident in most of the
bacteria on the slide, in others PBP2a was expressed by a minor
proportion of SP, sometimes making the detection challenging
(Figure 2 and Supplementary Table 1). The agreement between
the two immunofluorescence replicates was almost perfect
(k = 0.82, Clos9, = 0.52-1.00), since only for 2/26 (7.7%)
isolates the results disagreed. In both cases, the positive bacteria
identified on the slides were scarce. However, when at least
one of the two replicates showed detectable PBP2a protein, the
isolate was classified as positive. Overall, 9/26 isolates resulted
positive (Table 1), with an apparent prevalence of 34.6% vs.
a true prevalence of 53.8% (based on PCR results; Table 2).
Indeed, although the agreement with PCR was substantial
(k 0.62, Closyy = 0.34-0.91), in 5/26 (19.2%) isolates
PBP2a was not detected while PCR demonstrated mecA gene
harboring (Figure 3). The isolate SP11, where PCR and MIC
showed opposite results, was correctly classified as negative for
PBP2a expression through both immunofluorescence replicates.
Consequently, the categorical agreement with PCR for the mecA
gene was 80.8% (21/26), while with OXA MIC was 76.9% (20/26).
Particularly, in 3/5 (60%) cases in which PBP2a expression
was not evident by immunofluorescence, the MICs ranged
between 0.5 and 1 mg/L (Supplementary Figure 1B), while
when it was >8 mg/L PBP2a expression was generally detected
(9/11, 81.8%).

Since no false-positive results were obtained, both the
specificity and the positive predictive value (PPV) reached 100%,
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FIGURE 2 | Immunofluorescence targeting PBP2a protein in SP, showing isolate-dependent variability in PBP2a expression level. (A) Negative control. Insert: a
cluster of SP whose cell walls stained negative and only the nucleoid can be seen (blue). (B) A cluster of SP clearly expressing PBP2a protein (green) is shown; the
majority of SP does not express the protein. Insert: a magnification of cell walls staining positive, with a well-defined membranous pattern. (C) Several SP, both in
clusters and sparse, stained positive, while a large proportion of them is negative. Insert: bacteria with cell wall expression of PBP2a protein. (D) Most of the SP
showed positive cell walls. Insert: a cluster of bacteria where most of them have distinct positivity of the cell walls, together with other negative bacteria where only the

nucleoid is stained. Blue: DAPI; Green: Alexa Fluor® 488.

while the sensitivity and the negative predictive value (NPV) were
lower. Overall, the diagnostic accuracy of the method was 80.8%
(Clyso, = 60.6-93.4%; Table 2).

Finally, in our case series, all the SP isolates showing positivity
by immunofluorescence were MDR bacteria.

frontiersin.org

DISCUSSION

Pyoderma is a common skin problem in the canine species and
frequently leads to antimicrobial use in clinical practice (7). Since
the spreading of resistant bacteria is growing and therapeutic
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TABLE 2 | Measures of diagnostic test accuracy.

Measure Estimate Closo,
Apparent prevalence 34.6% 17.2-55.7%
True prevalence 53.8% 33.4-73.4%
Sensitivity 64.3% 35.1-87.2%
Specificity 100% 64.0-100%
Positive predictive value 100% 55.5-100%
Negative predictive value 70.6% 44.0-89.7%
Likelyhood ratio for positive test inf NA
Likelyhood ratio for negative test 0.357 0.177-0.721
Diagnostic accuracy 80.8% 60.6-93.4%

Clgso,, 95% confidence interval.
inf, infinity; NA, non applicable.

options are limited, antimicrobial management optimization is
crucial (1, 2, 31). SP, one of the most important etiological agents
involved in canine pyoderma (32), can harbor the mecA gene
that, coding for the PBP2a protein, mediates the methicillin
resistance (4).

We tested a new technique potentially applicable in
diagnostics as a rapid screening test to detect PBP2a expression.
This would help to identify methicillin-resistant staphylococci,
providing the clinician with an initial guide for starting
the therapy while waiting for antimicrobial susceptibility
test results.

Comparing the immunofluorescence assay to PCR for the
mecA gene, the gold standard for identification of MRSP, the
agreement was substantial, but in 19.2% of cases it failed to detect
MRSP. Given the specificity of the antibody chosen, we had no
false-positive results and the specificity was 100%. However, the
sensitivity of the assay was much lower, being equal to 64.3%.
Often, the lack of detection of methicillin resistance involved
the isolates with low MICs (0.5-1 mg/L). This could be due
to the lower sensitivity of immunofluorescence compared to
PCR. Additionally, an isolate-dependent variability in PBP2a
expression level was observed in our study. When the positive
bacteria on the slide are a few, they could be missed, resulting in
false-negative results. In our case series, in 2 methicillin-resistant
SP isolates, one of the replicates failed to detect the expression
of the PBP2a protein. Hence, repeating the assay in duplicate
can improve the diagnostic accuracy. Additionally, mecA gene
expression can be induced by OXA and cefoxitin stimulation (23,
33), but the isolates used in our study for immunofluorescence
were not previously exposed to antimicrobials, in order to mimic
diagnostic conditions. As a result, the PBP2a protein could have
a lower or no expression in some isolates, affecting the general
sensitivity of the method. Finally, the sample size we used was
relatively limited, hence the lacking of PBP2a detection in a few
samples might be overweighed. Testing the method on a larger
number of samples might help obtain a more precise evaluation
of its performance.

Whit one exception, the results of MIC and PCR overlapped in
all cases. The mechanism of OXA resistance, in this case, remains
to be determined. Notably, immunofluorescence classification
of this isolate was in agreement with PCR, which is why the

0.7
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c 0.4 PCR
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L
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0.0 — ==
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PBP2a expression
FIGURE 3 | Proportions of mecA+ and mecA— SP tested by PCR among
cases with detected and not PBP2a expression by immunofluorescence assay.

categorical agreement with BMD was lower compared to those
with PCR.

Despite its limitations, immunofluorescence has several
advantages. In our study, the diagnostic accuracy reached
80.8%, showing high reliability when methicillin-resistant SP
are identified (PPV = 100%; NPV = 70.6%). In agreement
with previous studies reporting a high prevalence of MDR
among MRSP (14, 34), in our case series, all of the isolates
expressing PBP2a protein were also MDR. Accordingly, the
detection of PBP2a expression could help suspect MDR. Results
of immunofluorescence targeting PBP2a protein can be rapidly
obtained, especially if the primary antibody incubation time
is shortened. The method might also be easily applied on
cytological samples with the potential to get the results within
the same day, so it would be worth testing it in this application.
As a further development, a modified method could be employed
in immunohistochemistry, allowing the study of the resistant
bacteria directly on tissue samples and representing a new
interesting tool for both research and diagnostics. However, the
suitability of the selected antibody in immunohistochemistry
has to be determined. Moreover, since the mecA gene is
shared by several staphylococci, including SA (5, 25), the
methicillin resistance could be detected independently from the
staphylococcal species isolated in both human and animal hosts.

To the best of the author’s knowledge, two commercially
available kits can be used for the rapid detection of PBP2a protein
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on cultured colonies. The Alere PBP2a Culture Colony Test is
a sensitive and specific immunochromatographic assay to test
isolates. Although the test itself is very simple and rapid, the
colonies should be cultured for at least 24h and the highest
sensitivity is reached when bacteria are harvested from the
edges of the cefoxitin zone of growth inhibition (23, 25). The
other is the PBP2a latex agglutination test, whose sensitivity and
specificity are almost comparable to PCR (35, 36). However, it
is technically more complicated and needs additional equipment
(3). Being performed on isolates, these commercial tests strictly
depend on the timing of bacteria growth. Compared to those
tests, the immunofluorescence assay has a lower sensitivity but
a corresponding specificity. It is a simple technique and can
be carried on in pathology laboratories that routinely perform
immunocytochemistry or immunohistochemistry (ICC/IHC)
and are equipped with a fluorescent microscope. It is rapid
and, if applied on cytological samples, it might be carried out
independently from bacteriological culture. Finally, it provides
the unparalleled possibility to study the expression of PBP2a by
directly visualizing the morphology, opening new possibilities for
research purposes.

In conclusion, we demonstrated that immunofluorescence can
be successfully used to detect the PBP2a protein in SP isolates,
hence methicillin-resistant bacteria. When compared to the gold
standard method (PCR for mecA gene), immunofluorescence
targeting PBP2a protein showed good diagnostic accuracy, with
100% specificity, although the sensitivity is lower. It is a rapid
and easy method that can represent a new interesting tool for
both research and diagnostics. It would be worth testing its
performance on cytological samples to further accelerate the
diagnosis of methicillin resistance in SP.
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