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RESEARCH ARTICLE

Investigation of Biofilm-Forming Capacity and Antimicrobial
Resistance in Staphylococcus aureus Isolates from Canine
Skin Lesions

Canine bacterial skin infections are frequently associated with staphylococci, and biofilm formation
together with antimicrobial resistance (AMR) may compromise treatment outcomes. This study
investigated biofilm production, carriage of the biofilm-associated genes icaA and icaD, and
antimicrobial susceptibility in canine S. aureus isolates from skin infections. Swabs (n=130) from
dogs with skin lesions were cultured, and S. aureus was confirmed by 23S rRNA PCR. Biofilm
formation was quantified using a microtiter plate assay, icaAlicaD were detected by PCR, and
antimicrobial susceptibility was determined by disk diffusion according to CLSI guidelines. 72
(55.4%) samples were confirmed as S. aureus. Most isolates produced biofilm, and 23.6% were
classified as high biofilm producers. Overall, 70.8% of isolates carried at least one of icaA or icaD,
but icaA positivity was significantly less frequent among high than low biofilm producers (p=0.002).
icaD showed no significant association with biofilm category. Multidrug resistance was common
(56.9%), and high biofilm producers showed a higher proportion of non-susceptibility to amoxicillin-
clavulanate than low producers (p=0.049). These findings indicate a substantial burden of biofilm-
associated, antimicrobial-resistant S. aureus in canine skin infections and a complex, partly ica-
independent relationship between biofilm phenotype and genotype with implications for empirical
therapy.
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Képeklerde Deri Lezyonlarindan izole Edilen Staphylococcus aureus Suslarinda
Biyofilm Olusturma Kapasitesi ve Antimikrobiyal Direncin Arastirilmasi

Kopeklerde gorilen bakteriyel deri enfeksiyonlari siklikla stafilokoklarla iligkilidir ve biyofilm
olusumu ile antimikrobiyal direncin (AMR) birlikteligi tedavi basarisini olumsuz etkileyebilmektedir.
Bu calismada, deri lezyonu bulunan kopeklerden izole edilen S. aureus suslarinda biyofilm
olusturma kapasitesi, biyofilmle iligkili icaA ve icaD genlerinin varligi ve antimikrobiyal duyarlihk
profilleri degerlendirildi. Bu amagla 130 deri svabi kiiltiire edildi, S. aureus izolatlari 23S rRNA PCR
ile dogrulandi, biyofilm olusumu mikrotitre plakta kristal viyole yontemiyle 6lguldl. icaA ve icaD
PCR ile arastinldi ve antimikrobiyal duyarliik CLSI kriterlerine gore disk diflizyon yontemiyle
belirlendi. 72 6rnekte (%55.4) S. aureus saptand. izolatlarin gogu biyofilm Ureticisi olup %23.6's!
yiksek biyofilm olusturan grup olarak siniflandirildi. Genel olarak izolatlarin %70.8’inde en az bir
icaA veya icaD geni varligi saptandi. icaA pozitifligi, yuksek biyofilm Ureticilerinde dusuk biyofilm
ureticilerine kiyasla anlaml derecede daha disikti (p=0.002). icaD ile biyofilm kategorisi arasinda
ise anlamli bir iliski bulunmadi. Coklu ilag direnci yaygindi (%56.9) ve yiiksek biyofilm olusturan
izolatlarda amoksisilin-klavulanata duyarli olmayanlarin orani diigiik biyofilm grubuna goére daha
yuksekti (p=0.049). Elde edilen bulgular, kopek deri enfeksiyonlarina ait S. aureus izolatlarinda
biyofilmle iliskili AMR yikinin belirgin oldugunu ve biyofilm fenotipi ile ica genotipi arasindaki
iliskinin kismen ica bagimsiz mekanizmalari da igeren karmasik bir yapida olabilecegini
distndirmektedir.

Anahtar Kelimeler: Staphylococcus aureus, biyofilm, icaA, icaD, antimikrobiyal direng

Introduction

Canine bacterial skin infections are a frequent reason for presentation in small-
animal practice, and pyoderma is a major indication for systemic antimicrobial therapy
(1). Staphylococci are the principal pathogens in superficial and deep canine pyoderma,
with Staphylococcus pseudintermedius recognised as the primary aetiological agent (2).
However, Staphylococcus aureus is increasingly reported in skin and soft-tissue
infections of companion animals, including dogs (3, 4). Close contact between dogs and
their owners facilitates bidirectional transmission of S. aureus, including methicillin-
resistant lineages, which are now regarded as relevant One Health-associated zoonotic
hazards (5).

Biofilm formation is a key virulence trait of S. aureus, promoting persistent
colonisation, evasion of host defences, and tolerance to antimicrobial therapy (6). In
staphylococci, a major biofilm matrix component is polysaccharide intercellular adhesin
(PIA), a PNAG polymer synthesised by the icaADBC operon, and co-expression of icaA
and icaD has been linked to strong biofilm formation (7). The microtiter plate crystal
violet assay remains a standard method for quantifying staphylococcal biofilm biomass
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in human and veterinary research (8, 9). However, PIA
or PNAG is not the sole determinant of the biofilm
phenotype, and ica-independent mechanisms involving
surface proteins, extracellular DNA, and other matrix
components can also mediate biofilm formation in S.
aureus (10-12).

Systemic antimicrobial therapy is central in the
management of canine pyoderma, and drugs such as
amoxicillin—clavulanate, first-generation cephalosporins
and clindamycin are commonly used as first-line options
(13). However, increasing reports of AMR and multidrug
resistance (MDR) among staphylococci from canine skin
and soft-tissue infections raised concerns for treatment
success and antimicrobial stewardship (14, 15). Biofilm
formation further complicates this picture, as biofilm-
embedded S. aureus cells show reduced susceptibility to
multiple drug classes and can act as reservoirs for
recurrent infection (16). Although the interplay between
biofilm production and AMR has been examined in
staphylococci studies jointly assessing biofilm-forming
capacity, ica biofilm-associated genes, and antimicrobial
susceptibility in S. aureus from canine skin infections
remains limited.

In this context, this study investigated S. aureus
isolates recovered from canine skin lesions, focusing on
their frequency, biofilm-forming capacity, icaAlicaD
status, and antimicrobial susceptibility. Associations
between biofilm production, ica gene carriage and
multidrug resistance, patrticularly non-susceptibility to
amoxicillin—clavulanate, were also evaluated.

Materials and Methods

Research and Publication Ethics: Ethical review
and approval were waived for this study in accordance
with national regulations and institutional requirements.
The Animal Experiments Local Ethics Committee of
Harran University (Meeting No. 2023/005, Decision No.
01-10, document date and number 15.09.2023-260686)
concluded that diagnostic skin swab sampling in dogs is
not subject to formal ethical approval.

Animals and Sample Collection: This study used
clinical samples from dogs with cutaneous lesions
presented to Harran University Animal Hospital,
Sanliurfa, Turkiye, between 2022 and 2025. Skin swabs
were collected from 130 dogs with suspected bacterial
infection using sterile swabs, transported under cold-
chain conditions, and cultured on the day of sampling.

Bacterial Culture and Identification: Samples
were streaked onto blood agar with 5% defibrinated
sheep blood and mannitol salt agar (MSA; Oxoid,
Basingstoke, UK) and incubated aerobically at 37 °C for
24-48 h. Colonies with staphylococcal morphology and
growth on MSA that were Gram-positive and catalase-
positive were regarded as Staphylococcus spp.
Preliminary identification of S. aureus relied on colony
morphology, mannitol fermentation on MSA, and a latex
agglutination test (Phadebact Staph Aureus Test, Bactus
AB, Sweden) with S. aureus ATCC 25923 as the positive
control.
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Molecular Assays: Genomic DNA was extracted
from phenotypically identified Staphylococcus isolates
using a classical phenol-chloroform method, and the
purified DNA was resuspended in nuclease-free water
and stored at —20°C until PCR analysis.

Species-level confirmation of S. aureus was
performed targeting the 23S rRNA gene using the primer
pair Sau-327/Sau-1645 as previously described (Table
1) (17). Amplifications were carried out in 25 pL reaction
mixtures containing standard PCR buffer, MgCl,,
dNTPs, Tag DNA polymerase, primers and 2 pL of
template DNA, under the following cycling conditions:
initial denaturation at 94°C for 2 min; 35 cycles, each
composed of 94°C for 45 s, 64°C for 1 min and 72°C for
2 min; and a final extension at 72°C for 10 min.

Table 1. The sequence of primers used in this research

: e Amplicon
Target gene Primer sequence (5'-3") size (bp) Reference
F: GGACGACATTAGACGAATCA
23S IRNA R: CGGGCACCTATTTTCTATCT 1318 an
. F: ACACTTGCTGGCGCAGTCAA
icah RTCTGGAACCCAACATCCAACA 188 as
icaD F:ATGGTCAAGCCCAGACAGAG 198 (18)

RAGTATTTTCAATGTTTAAAGCAA

The presence of the biofilm-associated genes icaA
and icaD was assessed using gene-specific primers
(Table 1) (18) with the same reaction mixture and a
cycling profile of 95°C for 5 min; 33 cycles of 95°C for 30
s, 62°C for 30 s and 72°C for 30 s; and a final extension
at 72°C for 5 min. PCR products were separated on 2%
agarose gels alongside a FastRuler Middle Range DNA
Ladder (Thermo Scientific, USA) and visualised under
UV illumination. Staphylococcus aureus ATCC 25923
and Staphylococcus epidermidis ATCC 35984 were
used as positive controls for the 23S rRNA and
icaAlicaD assays, respectively.

Phenotypic Assessment of Biofilm Formation:
Biofilm formation was evaluated using a 96-well
microtiter plate crystal violet assay as described by
Christensen et al., with minor modifications (19). Briefly,
overnight cultures grown in Tryptic Soy Broth (TSB)
were adjusted to a 0.5 McFarland standard, diluted
1:100 in TSB supplemented with 1% (w/v) glucose and
dispensed (200 pL) in triplicate into sterile, flat-bottom
polystyrene microtiter plates. Plates were incubated
statically at 37°C for 24 h, then gently washed with
phosphate-buffered saline to remove non-adherent cells,
air-dried, stained with 0.1% crystal violet, and rinsed with
distilled water. Bound stain was solubilised with 95%
ethanol, and the optical density (OD) at 570 nm was
measured in a microplate reader (VersaMax, Molecular
Devices, San Jose, CA, USA). The mean OD of triplicate
wells was used for each isolate. Biofilm production was
interpreted using an optical-density cut-off (ODc),
calculated as the mean OD of negative-control wells plus
three standard deviations (ODc=mean OD_NC + 3 x
SD_NC). Isolates with OD < ODc were classified as non-
biofilm producers, those with ODc < OD < 2 x ODc as
weak, 2 x ODc < OD < 4 x ODc as moderate, and OD >
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4 x ODc as strong biofilm producers. Staphylococcus
aureus ATCC 35556 was included as a positive control,
and wells containing sterile TSB (Oxoid) served as
negative controls.

Antimicrobial Susceptibility Testing:
Antimicrobial susceptibility testing was performed by the
Kirby-Bauer disk diffusion method in accordance with
CLSI  guidelines  (20). Standardised bacterial
suspensions (0.5 McFarland) were spread onto Mueller-
Hinton agar supplemented with 5% defibrinated sheep
blood. Commercial disks (Oxoid, Basingstoke, UK)
containing penicillin (2 U), amoxicillin—clavulanic acid (30
Mg), erythromycin (15 pg), tetracycline (5 ug),
clindamycin (2 pg), enrofloxacin (5 pug), and
trimethoprim—sulfamethoxazole (25 pg) were applied.
Plates were incubated aerobically at 37°C for 18-24 h,
and inhibition zone diameters were measured and
interpreted as susceptible, intermediate, or resistant
according to CLSI breakpoints for S. aureus.

Statistical Analysis: Statistical analyses were
performed using GraphPad Prism version 10.4.1
(GraphPad  Software, San Diego, CA, USA).
Associations between categorical variables were
assessed using Fisher's exact test (two-tailed), with
p<0.05 considered statistically  significant.  For
antimicrobial susceptibility, isolates with intermediate
susceptibility were grouped with resistant isolates as
non-susceptible, and  biofilm  production  was
dichotomised as low (non/weak) versus high
(moderate/strong) for comparative analyses.

Results

Characterization of Staphylococcus aureus
Isolates and Biofilm Production: Of the 130 skin swab
samples from dogs with cutaneous lesions, 95 (73.1%)
yielded bacterial growth, and 84 (64.6%) isolates were
phenotypically consistent with S. aureus based on
mannitol fermentation and latex agglutination (Table 2).
PCR targeting the staphylococcal 23S rRNA gene
confirmed 72 (55.4%) S. aureus isolates, which were
included in subsequent biofiim and antimicrobial
susceptibility analyses (Figure 1A).

According to OD-based categories, 1 (1.4%) isolate
was a non-biofilm producer, 54 (75.0%) weak, 13
(18.1%) moderate, and 4 (5.6%) strong producers; thus
55/72 (76.4%) were classified as low (non/weak) and
17/72 (23.6%) as high (moderate/strong) biofilm formers.

Among the 72 S. aureus isolates, 21 (29.2%) were
negative for both icaA and icaD, whereas 51 (70.8%)
carried at least one of these genes. Of these, 27 (37.5%)
harboured only icaA, 14 (19.4%) only icaD and 10
(13.9%) both genes (Table 2, Figure 1B, C), giving
overall frequencies of 37/72 (51.4%) for icaA and 24/72
(33.3%) for icaD.

Antimicrobial Susceptibility Profiles:
Antimicrobial susceptibility testing was performed for 72
PCR-confirmed S. aureus isolates against seven
antimicrobial agents, and the results are summarised in
Table 3.
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Non-susceptibility to B-lactams was 44.4% for
penicillin and 47.2% for amoxicillin—clavulanic acid
(Figure 2, Table 3). Among non-B-lactam agents, the
highest non-susceptibility rate was observed for
clindamycin (83.3%), followed by tetracycline (52.8%),
trimethoprim—sulfamethoxazole (45.8%), and
erythromycin (34.7%), whereas enrofloxacin showed the
lowest rate (26.4%). Overall, 41 of 72 isolates (56.9%)
were multidrug resistant, being non-susceptible to at
least three antimicrobial classes.

Correlation Between Biofilm Production, ica
Genes and Antimicrobial Resistance: The distribution
of ica genes differed between low and high biofilm
categories, mainly due to the pattern observed for icaA.
Only 3/37 (8.1%) of icaA-positive isolates were classified
as high biofilm producers, compared with 14/36 (38.9%)
of icaA-negative isolates (p=0.002) (Figure 3A),
indicating an inverse association between icaA carriage
and high-level biofilm formation. In contrast, 9/24
(37.5%) of icaD-positive isolates and 8/48 (16.7%) of
icaD-negative isolates were high biofilm producers, but
this difference did not reach statistical significance
(p=0.076) (Table 4).

High biofilm-forming isolates showed a slightly
higher proportion of multidrug resistance than low biofilm
producers (64.7% vs 54.5%), but this difference was not
statistically significant (p=0.579). Non-susceptibility rates
were broadly similar between low and high biofilm
producers for most agents. However, high biofilm
producers had a significantly higher non-susceptibility
rate to amoxicillin—clavulanic acid than low producers
(70.6% vs 40.0%; p=0.049) (Figure 3B), while no
significant differences were observed for the remaining
antimicrobials. Multidrug resistance was also similarly
frequent among icaA-positive and icaA-negative isolates
(62.2% vs 51.4%; p=0.476), and among icaD-positive
and icaD-negative isolates (62.5% vs 54.2%; p=0.616),
indicating no clear association between ica gene
carriage and MDR in this collection.

Table 2. Summary of sample processing and
characterization of S. aureus isolates

Parameter Number  Percentage
(n) (%)
Total skin swab samples collected 130 -
Samples with bacterial growth 95 73.1
Phenotypically presumptive S. aureus 84 64.6
PCR-confirmed S. aureus isolates 72 55.4
Isolat«_es positive fqr at least one biofilm- 51 70.8
associated gene (icaA and/or icaD)
Isolates negative for both icaA and icaD 21 29.2
icaA-positive only 27 37.5
icaD-positive only 14 194
Positive for both icaA and icaD 10 13.9
Total icaA-positive isolates 37 51.4
Total icaD-positive isolates 24 33.3
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Figure 1. Representative agarose gel electrophoresis of PCR products used for species confirmation and detection of biofilm-
associated genes in canine S.aureus isolates. (A) Species-specific amplification of the S. aureus 23S rRNA gene (1318 bp). Lanes: M,
DNA ladder; NC, no-template control; PC, S. aureus ATCC 25923; 1-5, clinical isolates tested for 23S rRNA amplification showing
positive or negative PCR results. (B) Detection of the icaA gene (188 bp). Lanes: M, DNA ladder; NC, no-template control; PC, S.
epidermidis ATCC 35984; 1-5, PCR-confirmed clinical S. aureus isolates showing positive or negative amplification for icaA. (C)
Detection of the icaD gene (198 bp). Lanes: M, DNA ladder; PC, S. epidermidis ATCC 35984; NC, no-template control; 1-5, PCR-
confirmed clinical S. aureus isolates showing positive or negative amplification for icaD

Table 3. Distribution of antimicrobial susceptibility
categories (n, %) in 72 Staphylococcus aureus isolates
recovered from canine skin lesion swabs

Antimicrobial Susceptible Intermediate Resistant Non-

¢ susceptible*
agen n (%) n (%) n (%) n (%)
Penicillin (2 U) 40 (55.6) 3(4.2) 29 (40.3) 32 (44.4)
Amoxicillin—
clavulanic acid 38 (52.8) 2(2.8) 32 (44.4) 34 (47.2)
(30 ug)
Eg‘h“’myc'” s 47 (65.3) 8 (11.1) 17 (23.6) 25 (34.7)
ﬁg';)”damyc'" @ 12 (16.7) 9 (12.5) 51 (70.8) 60 (83.3)
I;;’a"yc"”e (80 34 (47.2) 17 (23.6) 21 (29.2) 38 (52.8)
Eg)mﬂ“ac'” 6 53 (73.6) 4(5.6) 15 (20.8) 19 (26.4)
Trimethoprim—
sulfamethoxazole 39 (54.2) 13 (18.1) 20 (27.8) 33 (45.8)

(25 pg)

*Non-susceptible: intermediate + resistant.

Table 4. Distribution of icaA and icaD among low and
high biofilm-forming S. aureus isolates

Variable (rl;O:WSE)IOr:”(ZZ) (':'Ehl%' ?]ﬂ(ll;: ) p-value*
icaA-positive 34 (61.8) 3(17.6) 0.002
icaA-negative 21(38.2) 14 (82.4)

icaD-positive 15 (27.3) 9 (52.9) 0.076
icaD-negative 40 (72.7) 8(47.1)

100

80
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20

0

PEN AMC ERY CLI TET ENR SXT

Non-susceptible isolates (%)

Figure 2. Non-susceptibility rates to selected antimicrobials
among 72 canine S. aureus isolates. Bars indicate the
percentage of isolates classified as non-susceptible
(intermediate or resistant) to penicillin G (PEN), amoxicillin—
clavulanic acid (AMC), erythromycin (ERY), clindamycin (CLI),
tetracycline (TET), enrofloxacin (ENR) and trimethoprim—
sulfamethoxazole (SXT).
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Figure 3. Associations between biofilm category, icaA status,
and amoxicillin—clavulanic acid non-susceptibility in canine S.
aureus isolates. (A) Proportion of high biofilm-forming isolates
among icaA-positive and icaA-negative strains (8.1% vs 38.9%;
p=0.002, Fisher's exact test). (B) Non-susceptibility to
amoxicillin—clavulanic acid in low and high biofilm producers
(40.0% vs 70.6%; p=0.049, Fisher's exact test). Asterisks
indicate statistically significant differences.
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Discussion

Bacterial skin infections in dogs are predominantly
associated with staphylococci, with S. pseudintermedius
recognised as the primary pathogen, whereas S. aureus
is less frequent but noteworthy because of its zoonotic
and One Health relevance (1, 21). Biofilm formation and
antimicrobial resistance are key traits that promote
persistence and treatment failure in staphylococcal
infections (22, 23). However, most studies on biofilm and
biofilm-associated genes have focused on S.
pseudintermedius or non-canine S. aureus, and
integrated data on biofilm phenotype, ica status, and
resistance profiles in canine S. aureus isolates remain
scarce. In this context, the present study examined
canine S. aureus isolates to characterise their biofilm
phenotype, icaAlicaD carriage and antimicrobial
susceptibility, and to explore relationships between
these traits.

S. aureus was recovered from 72 of 130 (55.4%)
canine skin swab samples, indicating that this species is
an important component of the bacterial flora of canine
skin lesions in our setting. Almost all isolates produced
measurable biofilm and 23.6% were classified as high
(moderate/strong) biofilm formers, suggesting that
biofilm formation is common among canine S. aureus
skin isolates. This high prevalence of biofilm production
is consistent with reports of frequent biofilm formation by
coagulase-positive staphylococci in companion-animal
and human skin infections (21, 24). The study included a
broad case mix of skin lesions with suspected bacterial
involvement rather than only confirmed pyoderma, which
may partly explain the relatively high proportion of S.
aureus compared with studies restricted to canine
pyoderma.

In this collection, 70.8% of the isolates carried at
least one biofilm-associated gene, with icaA and icaD
detected in 51.4% and 33.3% of isolates, respectively.
Although co-expression of icaA and icaD has
traditionally been linked to strong biofilm formation and
many studies report a positive association between ica
genes and biofilm production (25), icaA positivity in our
study was significantly less frequent among high than
low biofilm producers, and icaD status was not
associated with biofilm category. This discrepancy with
the classical ica-dependent model aligns with evidence
that S. aureus can form biofilm through ica-independent
mechanisms involving surface proteins, extracellular
DNA, and other matrix components, and suggests that
ica carriage alone does not reliably predict biofilm-
forming capacity in canine S. aureus skin isolates (11,
26, 27).
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