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Abstract: The present paper extends a previous publication on a field study of subclinical mastitis in
sheep and focuses on the following laboratory characteristics of the staphylococcal isolates: antibiotic
resistance and association with biofilm formation. The specific objectives of the present study were
(a) to describe the incidence of isolation of antibiotic-resistant staphylococci from cases of mastitis
throughout the milking period in dairy sheep flocks and (b) to identify relevant risk factors, which
would contribute to the sustainable control of the infection. Staphylococcal isolates from subclinical
mastitis were evaluated for antibiotic resistance to 18 antibiotics. Antibiotic resistance was detected
in 57 of the 179 staphylococcal isolates from subclinical mastitis (31.8%). Resistance was recorded
against 11 antibiotics, most often against ampicillin (63.2% of resistant isolates), penicillin (63.2%)
and tetracycline (47.4%). Isolates resistant to ampicillin and penicillin were recovered in all 12 farms.
Twenty-one multidrug-resistant isolates (11.7%) were also recovered. The incidence risk of isolation
of staphylococci resistant to at least one (any) antibiotic throughout the study period was 23.8%.
The incidence risk of isolation of staphylococci resistant to oxacillin was 5.0%; that of isolation of
multidrug-resistant staphylococci was 8.8%. With regard to increased incidence risk of isolation of
staphylococci resistant to at least one (any) antibiotic and increased incidence risk of isolation of
staphylococci resistant to oxacillin, the omission of anti-staphylococcal mastitis vaccination of ewes
emerged as a risk factor. With regard to increased incidence risk of isolation of multidrug-resistant
staphylococci, the following variables emerged as risk factors: (a) higher number of antibiotics
used on the farm for the treatment of mastitis and (b) younger age of lambs taken away from their
dam. Most biofilm-forming antibiotic-resistant staphylococci were recovered from farms where
anti-staphylococcal mastitis vaccination was not applied (55.9% versus 44.1% from farms where
anti-staphylococcal mastitis vaccination was applied).

Keywords: antibiotic resistance; biofilm; goat; mastitis; methicillin; risk factor; sheep; staphylococcus

1. Introduction

Staphylococci are the most frequent causal agents of ovine mastitis, which is responsi-
ble for significant adverse financial and welfare effects [1]. A recent extensive study carried
out in Greece revealed that sheep farmers considered mastitis as the most important health
problem on their farms [2]. Effective treatment of the infection is important in order to
limit the infection and potentially to restore the health of the affected animals. Hence, there
is merit in studying and monitoring the antibiotic resistance patterns of these bacteria, in
order to provide updated information regarding effective control of the infection.

Studies performed in Europe and neighbouring countries into the antibiotic resistance
patterns of staphylococci associated with mastitis in sheep have not indicated, in general,
problems of reduced susceptibility to antibiotics. Most of the relevant studies have reported
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resistance rates up to 45%, which depended on the staphylococcal species (lower resis-
tance rate among S. aureus, higher among coagulase-negative isolates) and the antibiotic
concerned (higher resistance rate to penicillins) [3–10]. However, differentiations from the
above general findings have also been reported: for example, in a study by Azara et al. [11],
a higher resistance rate of S. aureus (rather than coagulase-negative isolates) against tetracy-
cline (rather than penicillins) was reported, whilst Regecová et al. [12] reported particularly
high rates of resistance of S. chromogenes to penicillins and tetracycline.

The literature has provided information regarding the antibiotic resistance patterns
of causal pathogens isolated as part of examination of clinical cases of mastitis or of cross-
sectional studies on mastitis prevalence and aetiology. A topical search in the Web of
Science using the search string [resistance AND (antibiotic* OR antimicrobial*) AND (sheep
OR ewe*) AND mastitis AND incidence] returned seven documents, a detailed examination
of which revealed that none included a longitudinal study of antibiotic resistance on the
study farms. A similar search using the search term (cattle OR cow*) in lieu of (sheep OR ewe*)
in the above string returned 88 documents; among these, relevant longitudinal studies,
performed in the past or more recently, were identified (e.g., [13–15]).

The present work refers to a longitudinal study that had been carried out in Greece
from November 2019 to July 2020. In a previous detailed report [16], we described the
findings of a longitudinal study of subclinical mastitis in sheep in Greece. During that
work, four visits were made to 12 sheep farms throughout a milking period, starting
immediately (within 5 days) after the removal of lambs from the dams and the subsequent
start of milking of the ewes, and up to the end of the milking period, which allowed a
total monitoring of 6 to 6.5 months, i.e., for the entirety of the milking period [16]. The
findings of that study indicated that the incidence risk of subclinical mastitis was 52% and
that the predominant causal agents were staphylococci, which accounted for over 90% of
the causal pathogens identified in the study [16]. That publication focused on the clinical,
aetiological and epidemiological features of mastitis. The increased frequency of isolation
of staphylococci from cases of the infection indicates that there is merit in further studying
the laboratory characteristics of these pathogens, in particular their antibiotic resistance
patterns; this is important from a public health viewpoint (given that in Greece, sheep milk
is widely used for manufacturing dairy products and genetic material of antibiotic-resistant
staphylococci may thus be transferred to people) and from the viewpoint of therapeutics of
the animals.

The present paper extends the previous findings and is complementary to the previous
publication, focusing on the following laboratory characteristics of the staphylococcal
isolates: antibiotic resistance and association with biofilm formation. The specific objectives
of the present study were (a) to describe the incidence of isolation of antibiotic-resistant
staphylococci from cases of mastitis throughout the milking period in dairy sheep flocks,
i.e., in a longitudinal study, and (b) to identify relevant risk factors, which would contribute
to the sustainable control of the infection.

2. Results
2.1. Descriptive Findings

Antibiotic resistance was detected in 57 of the 179 staphylococcal isolates recovered
from cases of subclinical mastitis (31.8%; 95% confidence intervals (CIs): 25.5–39.0%). The
median number (interquartile range) of antibiotics to which resistance was seen was 3
(2) per isolate.

Resistance was recorded against 11 antibiotics, most often against ampicillin (63.2% of
resistant isolates), penicillin (63.2%) and tetracycline (47.4%) (Table 1). Isolates resistant to
ampicillin and penicillin were recovered from all 12 farms; isolates resistant to erythromycin
and tetracycline were recovered from 11 (91.7%) and 10 (83.3%) farms, respectively (Table 1).
No isolates were found to be resistant to amikacin, fucidic acid, mupirocin, rifampicin,
teicoplanin, trimethoprim–sulfamethoxazole and vancomycin.
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Table 1. Frequency of resistance of staphylococcal isolates from cases of subclinical mastitis to 17
antibiotics.

Antibiotic Antibiotic
Category 1

No. of Resistant Isolates
(Proportion among
Resistant Isolates)

No. of Farms Where Resistant
Isolates Were Recovered

(Proportion among Farms in
This Study)

Ampicillin D 36 (63.2%) 12 (100.0%)
Ciprofloxacin B 1 (1.8%) 1 (8.3%)
Clindamycin C 20 (35.1%) 9 (75.0%)
Erythromycin C 20 (35.1%) 11 (91.7%)
Fosfomycin A 11 (19.3%) 8 (66.7%)
Gentamicin C 4 (7.0%) 4 (44.4%)
Morifloxacin B 1 (1.8%) 1 (8.3%)
Oxacillin D 12 (21.1%) 8 (75.0%)
Penicillin G D 36 (63.2%) 12 (100.0%)
Tetracycline D 27 (47.4%) 10 (83.3%)
Tobramycin C 1 (1.8%) 1 (8.3%)

1 Antibiotic category according to European Medicines Agency [17] for use in animals.

Resistance was detected more frequently among coagulase-negative isolates (35.5%;
95% CI: 28.1–43.7%) than among S. aureus isolates (18.4%; 95% CI: 9.2–33.4%) (p = 0.045).
Among coagulase-negative isolates, there was also resistance to more antibiotics than
among S. aureus isolates: 3 (2) versus 2 (1), respectively (p = 0.019). For coagulase-negative
species, of which over 10 isolates had been recovered and tested, the proportion of resistant
isolates was 33.3% for S. chromogenes, 28.6% for S. epidermidis, 26.5% for S. simulans and
22.2% for S. xylosus (Tables S1 and S2).

Twenty-one multidrug-resistant isolates (11.7%; 95% CI: 7.8–17.3%) were recovered.
All these isolates were coagulase-negative staphylococci (Table S1).

In five cases, the same bacteria (2 S. aureus, 2 S. simulans, 1 S. xylosus), also with
identical antibiotic resistance profiles, were recovered from the two affected mammary
glands of the same ewe. Moreover, in two cases, repeated isolation of staphylococci (1 S.
aureus, 1 S. simulans), also with identical antibiotic resistance profiles, were recovered from
consecutive samplings (1.5 months apart) from the same mammary gland of the same ewe.

2.2. Incidence Risk of Isolation of Resistant Staphylococci

Overall, the incidence risk of isolation of staphylococci resistant to at least one (any)
antibiotic throughout the study period was 23.8% (95% CI: 18.8–29.5%) and varied between
farms from 10.0% to 45.0% (Table S3). The incidence risk of isolation of staphylococci
resistant to oxacillin was 5.0% (95% CI: 2.9–8.5%), varying from 0.0% to 10.0% between
farms. Finally, the incidence risk of isolation of multidrug-resistant staphylococci was
8.8% (95% CI: 5.8% to 13.0%); it varied between farms from 0.0% to 20.0%. The estimated
incidence risk of the above three outcomes in the study farms combined was 27.5% (95%
CI: 25.8–29.2%), 6.1% (95% CI: 5.2–7.0%) and 11.1% (95% CI: 10.0–12.3%), respectively.

There was evidence of correlation between the incidence risk of subclinical mastitis
and the incidence risk of isolation of staphylococci resistant to at least one (any) antibiotic
(rsp = 0.649, p = 0.022) (Figure 1), as well as the incidence risk of isolation of staphylococci
resistant to oxacillin (rsp = 0.631, p = 0.028). No correlation was seen between the inci-
dence risk of subclinical mastitis and the incidence risk of isolation of multidrug-resistant
staphylococci (rsp = 0.260, p = 0.42). There was no significant difference between the three
correlation coefficients (z < 1.09, p > 0.28 for all comparisons).
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Figure 1. Cross-plot of incidence risk of subclinical mastitis versus incidence risk of isolation of
staphylococci resistant to at least one (any) antibiotic (dashed line is trendline).

The prevalence of isolation of staphylococci resistant to at least one (any) antibiotic
progressively increased from 2.9% on the first to 9.6% on the fourth sampling (p = 0.026
between sampling occasions) (Figure 2). However, no significant change was seen in the
prevalence of isolation of staphylococci resistant to oxacillin (p = 0.57) and the prevalence
of isolation of multidrug-resistant staphylococci (p = 0.19).
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Figure 2. Progressive change in the prevalence of isolation of staphylococci resistant to at least one
(any) antibiotic (bars indicate 95% confidence intervals).

Finally, some tendency for correlation was seen between the incidence risk of isolation
of staphylococci resistant to at least one (any) antibiotic and the cases of recurrence of
subclinical mastitis recorded in the same flock during the study period (rsp = 0.519, p = 0.08).

2.3. Risk Factors

The results of the univariable analysis of correlations between the incidence risk
of isolation of antibiotic-resistant staphylococci and the various parameters studied are
detailed in Table S4.

With regard to increased incidence risk of isolation of staphylococci resistant to at least
one (any) antibiotic and increased incidence risk of isolation of staphylococci resistant to
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oxacillin, only the omission of anti-staphylococcal mastitis vaccination of ewes (p = 0.004
and 0.017, respectively) emerged as significant. With regard to increased incidence risk
of isolation of multidrug-resistant staphylococci, the following variables emerged as sig-
nificant: (a) higher number of antibiotics used on the farm for the treatment of mastitis
(p = 0.0008) and (b) younger age when lambs were taken away from their dam (p = 0.004)
(Figures 3 and S1). Details are in Table 2.
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Figure 3. Trendlines for association of the incidence risk of isolation of multidrug-resistant staphylo-
cocci throughout a milking period with the number of antibiotics used on the farm for the treatment
of mastitis (dark red) and the age of newborns when taken away from the dam (blue).

Table 2. Results of multivariable analysis for variables with a significant association with increased
incidence risk of isolation of antibiotic-resistant staphylococci from cases of subclinical mastitis
in sheep.

Isolation of Staphylococci Resistant to at Least One (Any) Antibiotic

Variable Odds Ratio 1 (95% CI 2) p

Application of anti-staphylococcal mastitis vaccination 0.004
No 2.399 (1.262–4.557) 0.008
Yes reference -

Isolation of Staphylococci Resistant to Oxacillin

Variable Odds Ratio (95% CI) 1 p

Application of anti-staphylococcal mastitis vaccination 0.017
No 3.222 (0.998–10.404) 0.05
Yes reference 1 -

Isolation of Multidrug-Resistant Staphylococci

Variable Odds Risk (±standard error) p

Number of antibiotics used for the treatment of mastitis 0.0008
Per unit increase 1.038 ± 1.007 0.0008

Age (days) of newborns when taken away from the dam 0.004
Per day decrease 0.998 ± 1.001 0.004

1 Odds ratio calculated against the lowest prevalence associations of variables (reference); 2 CI: confidence
intervals.
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2.4. Associations with Biofilm Formation by Staphylococcal Isolates

Of the 179 staphylococcal isolates recovered from subclinical mastitis and assessed
during this study, 117 (65.4%) were found to be biofilm-forming. There was a significant
difference between the various staphylococcal species in the proportion of biofilm-forming
isolates identified (p = 0.017). The highest proportions of biofilm-forming isolates were
identified among S. saprophyticus (100.0% of isolates), S. aureus (84.2%) and S. hominis (80.0%)
isolates (Table S5). Biofilm-forming isolates were recovered more frequently from flocks
that had not been vaccinated against staphylococcal mastitis: 84.1% (53/63) of isolates
recovered from these flocks versus 55.2% (64/116) of isolates from non-vaccinated flocks
(p = 0.0001).

There was no overall difference in the proportion of resistant isolates found among
biofilm-forming (34/117 = 29.1%) or non-biofilm-forming (23/62 = 37.1%) staphylococci
(p = 0.27). However, most biofilm-forming antibiotic-resistant staphylococci were recovered
from farms where anti-staphylococcal mastitis vaccination was not applied: 19/34 iso-
lates (55.9%) versus 15/34 antibiotic-resistant isolates (44.1%) from farms where anti-
staphylococcal mastitis vaccination was applied. In the latter farms, most antibiotic-
resistant isolates were not biofilm-forming: 20/23 (87.0%) and 3/20 (13.0%), respectively
(p = 0.001) (Figure 4, Table S6).
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3. Discussion
3.1. Antibiotic Resistance of Staphylococcal Isolates

This study provides a detailed account of the patterns of isolation of antibiotic-resistant
staphylococci from ovine mastitis throughout the milking period.

Effective treatment of mastitis requires the combination of speed and efficacy. Treat-
ment should be instigated immediately after diagnosis of the initial signs of the infections
and should be carried out with effective antimicrobial agents. Administration of the ap-
propriate drug should be performed following the identification of causal pathogen(s) and
the establishment of its (their) antibiotic susceptibility profile. Usage of narrow-spectrum
antibiotics should be prioritized, as it contributes to maintaining antibiotic efficacy against
the causal agents.

The present paper extends previous findings, focusing on the following laboratory
characteristics of the staphylococcal isolates: antibiotic resistance and association with
biofilm formation.
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The present results are within the general pattern of antibiotic resistance of staphylo-
coccal isolates from cases of mastitis in sheep, as described previously [3–10]. In this respect,
the differences between these resistance rates and findings in countries outside Europe
are notable; for example, reports of a high rate of resistance to amoxicillin, erythromycin,
lincomycin, streptomycin and tetracycline (>35% of staphylococci evaluated) in Brazil [18],
to penicillin and tetracycline (>55% of S. aureus evaluated) in Iran [19] or to ampicillin,
oxacillin and tetracycline (>45% of S. aureus evaluated) in Kenya [20] have been published.
These differences may be the result of the strict policies regarding prescription of veterinary
drugs applied in the European Union, coupled with the continuous campaigning against
inappropriate antibiotic dispensation and usage.

The benefits of these policies can be seen when considering the findings of a study on
antibiotic resistance of staphylococci from cases of ovine mastitis, performed in Greece over
25 years ago, in which the resistance rates of S. aureus to antibiotics were higher than those
of coagulase-negative staphylococci [21], a feature that has since been reversed. Hence,
sustained campaigns for appropriate antibiotic usage in veterinary work appear to have
tangible benefits.

The present findings indicate that, in sheep, throughout this milking period, approxi-
mately one-third of the staphylococcal isolates causing mastitis were antibiotic-resistant.
In line with the findings of other researchers [3–10], limited antibiotic resistance was seen
among S. aureus isolates, whilst a higher proportion of coagulase-negative isolates were
found to be resistant. Coagulase-negative isolates are the primary cause of subclinical
mastitis, which requires specific laboratory tests for diagnosis and thus most often remains
undiagnosed and untreated. Thus, causal bacteria are present in the animals on the farm
and can be exposed to antibiotics administered to animals for other reasons, which may
contribute to the development of resistance. Further, some coagulase-negative species (e.g.,
S. haemolyticus, S. hominis, S. saprophyticus) mainly associated with human infections [22],
and recovered from cases of mastitis and found to be resistant in the present study, might
have originated from people (e.g., farmers, farm staff, visitors), whence they would have
been transmitted to the animal population.

The finding of resistance to fosfomycin of some isolates lends support to the above
hypothesis. In Greece, fosfomycin is used only for treatment of human infections; the
antibiotic is not licensed for veterinary use. Therefore, it may be postulated that detection
of fosfomycin resistance indicates that relevant isolates were of human origin.

In a recent, extensive field investigation performed in Greece, it was revealed, through
information obtained from sheep farmers across the country, that the antibiotics most
frequently used for the treatment of clinical mastitis were penicillin (81% of farms) and
oxytetracycline (22% of farms) [2]. In most cases (88.9% of farms), treatment of clinical
mastitis was carried out by administering antibiotics in injectable forms rather than by the
intramammary route [2]. In cattle herds, it was found that the systematic administration of
antibiotics for the treatment of mastitis was associated with a more frequent isolation of
multidrug-resistant staphylococci in comparison to using the intra-mammary products [23].

3.2. Risk Factors for High Incidence of Antibiotic Resistance

The significant correlation between the incidence risk of subclinical mastitis and the
incidence risk of isolation of resistant staphylococci confirms that the best means to avoid
emergence of antibiotic-resistant isolates would be to prevent the infection. Controlling
mastitis on sheep farms is important for improving the welfare of the animals on the
farms [24], as well as for increasing the profitability of farms. Additionally, this would also
contribute to reducing the spread of antibiotic-resistant bacterial isolates.

This can be seen in the identification of vaccination against anti-staphylococcal mastitis
as a risk factor for lower incidence risk of isolation of antibiotic-resistant staphylococci.
There are two possible reasons for this. First, anti-staphylococcal mastitis vaccination has
been documented to decrease the incidence risk of staphylococcal mastitis in sheep [25],
this being the major reason for the emergence of vaccination as a risk factor in the present
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study. A decrease in cases of the infection subsequent to vaccination reduces the chance for
pathogen mutation into an antibiotic resistance form [26]. Moreover, the utilization, as the
antigenic component of anti-staphylococcal vaccines, of extracellular proteins present in
the biofilm matrix of S. aureus can reduce the number of bacterial cells present within the
biofilm and thus contribute to reducing the chances for mutation to develop resistance in a
model of mesh-associated infection [27,28].

Assessment of resistance to oxacillin is used to detect staphylococcal isolates with
resistance to methicillin (Methicillin-Resistant Staphylococci), which corresponds to resis-
tance to all β-lactams. In the present study, whilst resistance to oxacillin was detected, all
such isolates were nevertheless sensitive to vancomycin (an antibiotic that may be used as
an alternative therapeutic agent).

However, for the isolation of multidrug-resistant staphylococci, other health man-
agement factors emerged as significant. The use of a higher number of antibiotics in the
treatment of clinical mastitis contributes to the development of multidrug resistance in
staphylococcal isolates in the farms. Overuse of antibiotics is a universal risk factor for
the development of antibiotic resistance [29,30], and in this case, it is a risk factor for the
isolation of multidrug-resistant staphylococci. Further, the identification of earlier age of
lambs taken away from their dam as another risk factor can possibly be associated with
the increased incidence of health problems, including various infections, seen in such man-
agement systems [31,32]. Thus, there would be an increased need for antibiotic usage in
such farms to treat lamb infections, which can contribute to the development of multidrug
resistance to staphylococcal isolates prevalent on the farms.

The knowledge of risk factors for the development of antibiotic resistance by staphylo-
cocci from cases of mastitis can contribute to prevention of the problem. In Greece, dairy
products from ewes’ milk (cheese, yoghurt) are important agricultural products consumed
widely, as well as accounting for a significant share of relevant exports. Therefore, there
is interest from a public health viewpoint to minimize the presence of antibiotic-resistant
bacteria in milk from sheep.

4. Materials and Methods
4.1. Field Work

Twelve dairy, machine-milked sheep flocks were visited repeatedly (four times through-
out an entire milking period) for collection of milk samples and for obtaining relevant
information (Table S7). During the visits, samples were collected from both mammary
glands of 20 ewes on each farm. The full details regarding the survey work, i.e., collection
of information about management in the farm, selection and inclusion and clinical exam-
ination of animals, sampling procedures applied in the farms and handling of samples,
have been described by Michael et al. [16].

4.2. Laboratory Work

Cytological examination of milk samples obtained included the California Mastitis
Test and Giemsa staining [16].

Primary cultures were performed by conventional bacteriological techniques, using
Columbia blood agar plates (BioPrepare Microbiology, Athens, Greece) and staphylococcus
selective medium (mannitol salt agar; BioPrepare Microbiology), and initial bacterial
identification of staphylococci was performed by applying standard methods [33,34]. The
staphylococcal isolates recovered were identified to species level by means of MALDI-TOF
MS (VITEK MS; BioMerieux, Marcy-l’-Étoile, France).

Subsequently, the staphylococcal isolates obtained in this study were assessed for
sensitivity to antibiotics. In total, 179 staphylococcal isolates recovered from cases of sub-
clinical mastitis during this study were evaluated. Susceptibility/resistance to the following
18 antibiotics was tested: amikacin, ampicillin, ciprofloxacin, clindamycin, erythromycin,
fosfomycin, fusidic acid, gentamicin, moxifloxacin, mupirocin, oxacillin, penicillin G,
rifampicin, teicoplanin, tetracycline, tobramycin, trimethoprim–sulfamethoxazole and
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vancomycin (Table S8). Testing was carried out by means of the automated system BD
Phoenix™ M50 (BD Diagnostic Systems, Sparks, MD, USA). For the interpretation, the
results of the antibiotic resistance testing were compared to the respective breakpoints
for the various staphylococcal species in accordance with the recommendations of the
European Committee on Antimicrobial Susceptibility Testing (www.eucast.org).

Finally, for the assessment of the formation of biofilm under in vitro conditions, the
results of (a) culture appearance on Congo red agar plates and (b) micro-plate adhesion test
were combined by performing these techniques as previously detailed by Vasileiou [25].

4.3. Data Management and Analysis
4.3.1. Data Management

The definition of subclinical mastitis was based on a combination of bacteriological
and cytological findings, always in the absence of clinically evident findings as defined pre-
viously (Table S9). Staphylococcal subclinical mastitis was defined as when Staphylococcus
spp. was identified as the causal pathogen of subclinical mastitis.

The outcomes of ‘isolation of staphylococci from cases of subclinical mastitis, resistant
to at least one (any) antibiotic’, ‘isolation of oxacillin-resistant staphylococci from cases
of subclinical mastitis’ and ‘isolation of multidrug-resistant staphylococci from cases of
subclinical mastitis’ were considered. All the above outcomes referred to ewes. Hence,
animals from both mammary glands of which antibiotic-resistant staphylococci were
isolated were considered as one case.

Incidence risk for each of the above outcomes was defined as the proportion of animals
at risk that developed the condition when the time at risk differed between animals (i.e.,
during the entire milking period, which varied between individuals) [25]. Animals that
cleared the infection (i.e., were found without subclinical mastitis) were considered at risk
at subsequent visits; if they developed the infection again during the study period, they
were still counted as one case.

For characterization of biofilm formation by staphylococcal isolates, the results of
the two methods that had been employed were combined [25], and the isolates were
characterized as biofilm-forming or non-biofilm-forming.

The interpretation of the results of testing for antibiotic resistance was based on the
criteria of the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
(http://www.eucast.org). Isolates found to be resistant to at least three different classes of
antibiotics were classified as multidrug-resistant isolates [35]. Antibiotics were categorised
according to the classification of the European Medicines Agency [17] into four categories:
A, B, C, D, respectively, corresponding to use with ‘avoidance’, ‘restriction’, ‘caution’ and
‘prudence’ [17].

4.3.2. Statistical Analysis

All data were entered into Microsoft Excel and analysed using IBM SPSS Statistics (ver.
21) (IBM; Armonk, NY, USA). Basic descriptive analysis was performed. Exact binomial
confidence intervals (CIs) were obtained.

Frequencies were compared by using Pearson’s chi-square test or Fisher’s exact test,
as appropriate. The Mann–Whitney test was employed to compare groups. Correlation
analysis was performed by means of Spearman’s rank correlation.

Potential risk factors for isolation of antibiotic-resistant staphylococci, as specified in
the above-described three outcomes, were considered. In total, 20 parameters (Table S10)
were evaluated for potential association with each of the three outcomes. For each of these
20 parameters, results were taken directly from the answers obtained during the interview
or calculated based on these answers. Initially, in univariable analyses, the importance of
risk factors was evaluated by using Spearman’s rank correlation between the incidence
risk of each of the above outcomes and the results of the various parameters (n = 20)
assessed. Then, a multivariable model was developed for each of the above three outcomes;
parameters found with p < 0.2 in the preceding univariable analyses were offered to this

www.eucast.org
http://www.eucast.org
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model. Progressively, variables entered into the multivariable model were removed from
the model by using backwards elimination. The likelihood ratio test was performed to
assess the p-value of each parameter; among those found with p ≥ 0.2, the one with the
largest p was removed from the model. The procedure was repeated until no variable with
p ≥ 0.2 could be removed from the model. The variables included in the final multivariable
model constructed for each outcome are detailed in Table S11.

In all analyses, statistical significance was defined at p < 0.05.

5. Conclusions

This study referred to a longitudinal investigation into the incidence risk of isolation
of antibiotic-resistant staphylococci from cases of mastitis in dairy ewes. The incidence
risk of isolation of staphylococci resistant to at least one (any) antibiotic throughout a
milking period was 23.8%. There was a progressive increase in the frequency of isolation
of resistant staphylococcal isolates, in line with the progressively increasing frequency of
subclinical mastitis. Antibiotic resistance was detected in approximately in one-third of the
isolates studied against 11 antibiotics. Omission of vaccination against anti-staphylococcal
mastitis was found to be a risk factor for increased incidence risk of isolation of resistant
staphylococci, with most biofilm-forming resistant staphylococci recovered from farms
where anti-staphylococcal mastitis vaccination was not applied.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12121703/s1, Table S1: Frequency of resistant isolates
among different staphylococcal species recovered from cases of subclinical mastitis during this
longitudinal study throughout a milking period in 12 sheep flocks in Greece. Table S2: Frequency of
susceptibility/resistance to individual antibiotics of staphylococcal isolates recovered from cases of
subclinical mastitis during this longitudinal study throughout a milking period in 12 sheep flocks
in Greece; Table S3: Incidence risk of isolation of antibiotic-resistant staphylococci from cases of
subclinical mastitis among 12 sheep flocks in Greece monitored throughout a milking period; Table S4:
Results of univariable analysis of variables evaluated for association with the outcomes of ‘isolation
of staphylococci from cases of subclinical mastitis, resistant to at least one (any) antibiotic’, ‘isolation
of oxacillin-resistant staphylococci from cases of subclinical mastitis’ and ‘isolation of multidrug-
resistant staphylococci from cases of subclinical mastitis’ recovered from cases of subclinical mastitis
during this longitudinal study throughout a milking period in 12 sheep flocks in Greece; Figure S1:
Scatter plot of incidence of isolation of multidrug-resistant staphylococci from cases of subclinical
mastitis during this longitudinal study throughout a milking period in 12 sheep flocks in Greece
and age of newborns when taken away from the dam; Table S5: Results of biofilm formation by
staphylococcal isolates from cases of subclinical mastitis among 12 sheep flocks in Greece monitored
throughout a milking period; Table S6: Contingency table indicating associations between anti-
staphylococcal mastitis vaccination status and biofilm formation, according to antibiotic resistance, of
staphylococcal isolates recovered from subclinical mastitis among 12 sheep flocks in Greece monitored
throughout a milking period. Table S7: Details of 12 flocks included in this longitudinal study of
subclinical mastitis in Greece; Table S8: Concentrations of antibiotics against which resistance of
staphylococcal isolates was tested in the automated system BD Phoenix™ M50; Table S9: Detailed
description of the criteria for definition of subclinical mastitis in sheep flocks; Table S10: Variables
evaluated for potential association with the isolation of antibiotic-resistant staphylococci from cases
of subclinical mastitis during this longitudinal study throughout a milking period in 12 sheep flocks
in Greece; Table S11: Details of multivariable models employed for the evaluation of risk factors
for the isolation of antibiotic-resistant staphylococci from cases of subclinical mastitis during this
longitudinal study throughout a milking period in 12 sheep flocks in Greece.
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