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Abstract

This study investigates the relationship between biosecurity implementation and the prevalence of
ESBL-producing bacteria in Greek swine farms, revealing an alarming 82% prevalence rate, which is
significantly higher than in other European nations. Our findings indicate that comprehensive
biosecurity measures are more effective than focusing on priority controls alone. Notably, there was
a lack of significant associations between farm size and individual biosecurity parameters,
underscoring the importance of cumulative improvements across multiple measures. Moreover, we
identified a critical threshold for biosecurity implementation: farms scoring less than a critical point,
were consistently vulnerable to ESBL contamination. Escherichia coli emerged as the dominant species
among ESBL isolates, reflecting patterns seen globally. This suggests a need for targeted biosecurity
strategies, as mixed species occurrences imply shared resistance pressures. Our results advocate for
a paradigm shift in biosecurity practices, emphasizing holistic improvements across all measures
rather than isolating specific controls. With current implementation levels averaging only 35% of
recommended biosecurity practices, our findings highlight the urgent need for comprehensive
interventions to mitigate antimicrobial resistance in the Greek swine industry.

Keywords: antimicrobial resistance; ESBL; biosecurity; swine; Greece

1. Introduction

Antimicrobials the 20th century’s “wonder drugs”, as they were called by health professionals,
even in official documents in the 1950s’ [1], after less than a century of use, in many cases are proved
to be ineffective. While the widespread and irrational use, leads to increased cases of antimicrobial
resistance, the discovery of new antimicrobials reduced dramatically [2]. According to recent
estimations more than the half of 11,000 tons of antimicrobials sold in the United States for use in
livestock, belong to “medically important” category [3].

Except increased morbidity, mortality and treatment cost for livestock, bacteria producing
extended-spectrum (3-lactamases (ESBLs) Enterobacteriaceae, are also a significant issue for human
health [4]. World Health Organization (WHO) characterized ESBLs as critical priority pathogens [5].
Many studies in the past, even from Greece, demonstrated strong presence of ESBL producers in
livestock and especially in pig farming [6-8]. Transmission of ESBL-producing Enterobacteriaceae such
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as Escherichia coli (E. coli), occurs via many possible ways such as consumption of inadequate thermal
processed animal products, or from live animals to humans and vice-versa [9,10]. Especially, pig
farms’ workers and the staff of slaughterhouses are exposed in risk of possible intestinal colonization
with antimicrobial resistant (AMR) pathogenic bacteria. Pork meat could also be cross-contaminated
by ESBL-producing bacteria by slaughterhouses’ personel [11].

In the term biosecurity are included all the practices adopted, to prevent the entrance and the
spread of pathogens, within a farm or a group of animals. Especially, the external biosecurity aims to
prevent the entering of pathogens to a herd and by internal biosecurity measures the dissemination
within a herd is reduced [12,13]. Over recent years, outbreaks of difficult to be controlled diseases
such as African Swine Fever (ASF), Porcine Reproductive and Respiratory Syndrome Virus (PRRSV)
and porcine epidemic diarrhea, highlighted the strong correlation between pig farms sustainability,
pig health and biosecurity [14-16]. Previous studies also revealed that high biosecurity levels can
positively influence farm’s productivity and the economic performance of a farm [17]. Consequently,
low biosecurity is associated with increased rates of clinical diseases and frequent treatments in the
farm [18]. In other livestock sectors, such as poultry, biosecurity is considered as a valuable tool which
promotes prudent use of antimicrobials, animal health and welfare, and productivity [19].
Implementation of biosecurity and herd management, reduce the risk of infectious diseases, the need
for antimicrobial treatments and the development of AMR phenomena [20].

Antimicrobial use (AMU) has led to a development of AMR bacteria that complicate treatment
of infectious diseases in animals and humans. Majority of veterinary AMU occurs in pigs, which is
known to contribute to the development of AMR. High AMU and the threat of AMR highlighted the
need for reduced AMU in pig production [21]. European Union (EU) countries with a high AMU
rank also high in their resistance levels [22]. The level of biosecurity of a herd was associated with the
amount of AMU [23]. Farm-specific preventive strategies can contribute to lowering the risk for
animal disease and hence the need for AMU [24]. The improvement of biosecurity measures is an
important approach to prevent the entry and spread of pathogens in a herd and thus may reduce the
necessity of AMU [12,18,21].

The influence which varying biosecurity levels, may have to ESBL bacteria prevalence, could aid
by reduce their spread within pig populations. Comprehension of this relationship, is crucial to
develop and adopt strategies that could reduce antimicrobial use, leading to reduced risk of AMR
pathogens into the “One Health” approach. This study aims to investigate, for first time in Greek
swine farms, the possible correlation between biosecurity practices and the presence of ESBL-
producing Enterobacteriaceae.

2. Materials and Methods
2.1. Study Design and Farm Selection

This cross-sectional study included 34 pig farms representing approximately 24% of Greek
swine production capacity (14,300 sows total). Farms were distributed across northern (n=4), central
(n=13), western (n=10), and southern (n=7) Greece. The geographical distribution of the farms was
according to pig population density across Greece. Participating farms included small-scale
operations (n=8 farms, <200 sows, minimum 50 sows), medium-scale commercial facilities (n=23
farms, 200-800 sows), and large industrial operations (n=3, >800 sows). This distribution reflects the
predominance of medium-scale operations typical of modern Greek swine production systems, while
retaining sufficient representation of smaller family operations and large commercial facilities to
enable robust assessment across the full industry spectrum. All farms included in this study operated
exclusively as farrow-to-finish systems. Their diets consisted of home-formulated rations based on
mixed corn/barley/wheat-soybean meal, balanced for essential amino acids, minerals, and vitamins
in accordance with the Nutrient Requirements of Swine [25]. In addition, farm selection was based
on standardized vaccination protocols against common pathogens. These included: (a) sows:
Aujeszky’s disease virus, Porcine parvovirus, Atrophic rhinitis, Erysipelas, Porcine Reproductive and
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Respiratory Virus, Escherichia coli, and Clostridium spp.; and (b) weaners: Porcine circovirus type 2
and Mycoplasma hyopneumoniae.

2.2. Biosecurity Assessment

Biosecurity implementation was evaluated using a standardized scoring system adapted from
Silva et al. [26], with a maximum of 245 points distributed across 35 individual biosecurity
parameters. The scoring system employed an ordinal scale that differentiated between priority and
supplementary measures. Priority parameters, comprising 14 critical biosecurity measures, were
scored as 0, 5, or 10 points based on implementation level, while the remaining 21 supplementary
parameters received either 0 or 5 points. This weighted approach ensured that fundamental
biosecurity practices received appropriate emphasis in the overall assessment.

Biosecurity level assessment was conducted by experienced veterinarians of our team, during
the first farm visit, considering also the last 5 years biosecurity measures history taken from the
farmer and was based on a modified model of scoring system presented by Silva et al. [26]. Moreover,
each farm score varied from 0 to 245, summarized by 35 parameters. According to Silva et al. [26], 14
parameters interplayed the main role while the rest 21 parameters were less important. In the first
category, each parameter scores from 0 up to 10 with 5 or 10 points intervals (depends on the
parameter), and in the second category each parameter scores 0 or 5 points. Overall, a score of 140
points and 105 points reflect each category respectively.

The parameters assessed were:

e for the first category: presence of a sign to declare prohibited access to the farm (0=absence and
10=presence), unique entrance in the farm (O=multiple entrances and 10=unique access), stable
and perimetral fence covering the territory of the farm (O=absence of perimetral fence, 5=disabled
fence and 10= presence of perimetral fence), presence of bird-proof nets in the barns (0=absence
and 10=presence), external feed loading (O=absence and 10=presence), shower for all visitors at
the entrance (O=absence and 10=presence), presence of dressing room for visitors (0=absence and
10=presence), clean and dirty zones at visitors and personnel dressing room (0=absence and
10=presence), application of disinfection for all vehicles (0=no implementation and
10=implementation), presence of visitors parking (O=absence and 10=presence), prohibited
access for trucks inside the farm (0=no implementation and 10=implementation), equipment for
visitors provided by the farm (0=absence and 10=presence), equipment for personnel provided
by the farm (O=absence and 10=presence), truck cleaning at farm’s entrance (0=no
implementation and 10=implementation).

e for the second category: pigs’ breeding by neighbors (0=breeding and 5=lack of neighbors
breeding pigs), cover of land around the farm (O=cover and 5=absence of any activity),
biosecurity protocol for visitors (0=absence and 10=presence), visitors entrance (O=frequent and
5=rare), entrance of trucks transporting live animals (0=entry and 5=restricted access), vehicles
dedicated to specific production site (0=no specific trucks and 5=specific truck for each farm’s
site) are dedicated to each production site type, no truck-drivers access in the farm (0=access and
5=no access), presence of disinfection equipment room (0=absence and 5=presence), chemical
water treatment (0=no application and 5=application), water chemical examination (0=no
application and 5=application), equipment disinfection during entrance (0=no application and
5= application), other animal species breeding into the farm (0=absence and 5=presence),
restricted staff’s contact with other farm animals (0= contact and 5=no contact), unique source
for animals’ replacement (O=multiple sources and 5=unique source), all in-all out system
(O=absence and b5=presence), special equipment per pen (O=absence and 5=presence),

maintenance of sick animals pen (0=absence and 5=presence), application of rodent control (0=
no implementation and 5=implementation), application of flies control (0= no implementation
and 5=implementation), performance of biosecurity training to farm’s personnel (0= no
implementation and 5=implementation), use of disposable gloves to handle dead animals (0=no
use and 5=use).
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2.3. Sample Collection and ESBL Detection
2.3.1. Sample Collection

A total of 214 fecal samples were collected from 73 suckling and 141 weaning piglets across the
34 farms between December 2019 and April 2021. Samples were obtained directly from the rectum
using swabs with Amies transport medium and processed within 24 hours.

2.3.2. ESBL Detection and Characterization

ESBL-producing Enterobacteriaceae detection followed the methodology described in Tsekouras
et al. [8]. Briefly, fecal swabs were directly streaked on ESBL selective media (CHROMID® ESBL,
BioMérieux) and incubated aerobically at 37°C for 24-28h. Phenotypic confirmation of ESBL
production was performed using double disk synergy test (DDST) or combination disk test (CDT)
according to EUCAST guidelines [8].

2.4. Statistical Analysis
2.4.1. Data Transformation

Due to pronounced right-skewness of sow capacity data (skewness = 2.46), natural log
transformation was applied:

C =In(C)

where C represents raw sow capacity and C’ the transformed variable. This transformation
normalized the distribution, reduced the influence of outliers, and stabilized variance across scales.

2.4.2. Normality Testing

Distribution normality was assessed using the Shapiro-Wilk test. Variables violating normality
assumptions (p<0.05) were analyzed using non-parametric methods.

2.4.3. Association Analyses

Group comparisons between ESBL-positive and ESBL-negative farms were performed using
Mann-Whitney U tests for continuous biosecurity scores, with effect sizes calculated using the
formula r=Z/N((n) to assess the magnitude of observed differences. Correlation analyses employed
Spearman rank correlations to assess relationships between continuous variables that violated
normality assumptions, while point-biserial correlations were used to evaluate associations between
the binary outcome of ESBL presence and continuous biosecurity scores.

Regression modeling followed a hierarchical approach to examine different aspects of the
biosecurity-ESBL relationship. Linear regression models examined the influence of farm size (log-
transformed sow capacity) on biosecurity implementation levels, with model fit assessed using
adjusted R? values. Logistic regression models evaluated the predictive relationship between
biosecurity scores and ESBL detection, with results expressed as odds ratios with 95% confidence
intervals. Model performance for logistic regression was assessed using Nagelkerke’s R?, which
provides a measure of the proportion of variance explained analogous to R? in linear regression.

To investigate associations between farm size and individual biosecurity parameters, ordinal
logistic regression was employed, acknowledging the ordinal nature of the biosecurity scoring
system. Given the exploratory nature of this analysis involving 34 separate tests, False Discovery Rate
(FDR) correction using the Benjamini-Hochberg procedure was applied to control for multiple
comparisons and reduce the risk of Type I errors. This approach maintains the expected proportion
of false discoveries among rejected hypotheses at a specified level while providing greater power
than traditional family-wise error rate corrections.
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All analyses were performed using MATLAB R2025a with significance set at o = 0.05. Model
performance was assessed using Nagelkerke’s R? for logistic models and adjusted R? for linear
models.

3. Results
3.1. Farm Operational Characteristics
3.1.1. Farm Size Distribution

Farm sow unit capacity demonstrated considerable heterogeneity across the 34 participating
operations, ranging from 40 to 2,100 sows (median: 270, IQR: 200-560; Figure 1C). This reflected
approximately a 52-fold difference in production scale. Examination of the raw capacity data revealed
that most farms clustered at small to medium scales, while a small number of large facilities extended
the upper range, producing a strongly right-skewed distribution (skewness = 2.46; Figure 1A).

Sow Capacity Sow capacity (log-transformed) }
(Skewness = 2.46) (Skewness = 0.17) ‘Sow capacity
+

jSmall-scale <200 (1=8) T T T 2000
Medium-scale 200-800 (n=23)
Large industial >800 (n=3 +

Frequency

Sow capacity (log

~

o

In(Number of Sows)
S

'
'
'
]
-

IS

0 500 1000 1500 2000

4 45 5 55 6 65 71 15
Number of Sows In{Number of Sows)

Log-transformed

Figure 1. Distribution of sow capacity across 34 pig farms located in different geographical regions of Greece.
(A) Raw sow capacity data showing strong right skewness. Each histogram bin is color-coded according to the
production scale of farms within that capacity range. This color scheme illustrates how farm size categories are
distributed across the sow capacity spectrum. (B) Log-transformed sow capacity data demonstrating its
effectiveness in achieving near-perfect symmetry. The transformation successfully normalized the heavily
skewed distribution, reduced the disproportionate influence of large-scale outliers, stabilized variance across
the full range of production scales, and created a distribution suitable for parametric statistical analyses. (C) Box
plot of raw sow capacity data illustrating the presence of extreme outliers (black circles). (D) Box plot of log-

transformed data showing reduced outlier influence and more balanced distribution around the median.

The log transformation successfully normalized the heavily skewed distribution (Figure 1B),
reduced the disproportionate influence of large-scale outliers, and yielded a distribution suitable for
parametric statistical analyses (median: 5.6, IQR: 5.3-6.3; Figure 1D). This transformation was
essential for subsequent correlation and regression analyses.

3.1.2. Biosecurity Implementation Levels

Total biosecurity scores demonstrated substantial variation across participating farms, ranging
from 35 to 180 points (median:85, IQR: 65-120) out of a maximum possible 245 points (Figure 2A).
This represented approximately a 5-fold difference in biosecurity implementation quality, with scores
spanning from 14% to 73% of the maximum possible score (median: 35%). Approximately 76% of
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farms scored below 50% of the maximum possible points, indicating that while some achieved
relatively systematic biosecurity implementation, the majority demonstrated moderate-to-substantial
deficiencies in recommended practices.

Total biosecurity scores. Partial biosecurity scores
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Figure 2. Biosecurity score distributions and normality assessment. (A) Histogram showing the distribution of
total biosecurity scores across the 34 participating farms. (B) Histogram showing the distribution of priority
biosecurity scores (14 most important parameters). (C) Quantile-quantile plot comparing total biosecurity score
quantiles against theoretical normal distribution quantiles; deviation from the diagonal reference line (in red)
indicates departure from normality. Grey points represent observed data quantiles, while the black line
represents the expected pattern under normal distribution assumptions. (D) Quantile-quantile plot for priority
biosecurity scores showing comparison with theoretical normal distribution. The curved patterns observed in
both Q-Q plots confirm significant departure from normality, as indicated by Shapiro-Wilk test results (p<0.01
for both distributions).

An interquartile range of 55 points (65-120) encompasses farms with markedly different
biosecurity philosophies and implementation capabilities. Farms in the lower quartile represent
operations with fundamental biosecurity gaps across multiple domains, while those in the upper
quartile demonstrate more systematic approaches to pathogen prevention, though still falling short
of comprehensive implementation

The priority biosecurity score, consisting of the 14 most important recommended biosecurity
measures ranged from 15 to 120 points (median: 40, IQR: 35-65) out of a maximum possible 140
points, representing an 8-fold difference in core biosecurity implementation (Figure 2B). This
distribution demonstrated that participating farms achieved substantially lower performance on
priority measures compared to their overall biosecurity implementation, with a priority biosecurity
score median of 29% compared to 35% for total scores.

Notably, the 8-fold variation in priority biosecurity scores exceeded the 5-fold variation
observed in total scores, indicating greater heterogeneity in core measure implementation compared
to supplementary biosecurity practices. Given that these 14 parameters demonstrated greater
variability, although representing 57% of total possible biosecurity points (140/245), core biosecurity
implementation appears more resource-dependent or technically challenging than secondary

measures.
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Assessment of biosecurity score distributions revealed moderate positive skewness for total
biosecurity scores (skewness = 0.75) and more pronounced skewness for priority biosecurity scores
(skewness = 1.06). Despite moderate skewness, the Shapiro-Wilk test rejected normality for total
scores (p=0.004; Figure 2C) and showed even stronger departures for priority scores (p=0.0001; Figure
2D). 3.1.3. Impact of Farm Size on Biosecurity Implementation Practices

Given the substantial heterogeneity in both farm size and biosecurity implementation across the
34 participating operations, we investigated whether farm size influenced biosecurity practices.
Spearman rank correlation analysis revealed strong positive associations between sow capacity and
biosecurity implementation. Sow capacity demonstrated a strong correlation with both total (0=0.687,
p<0.001) and priority biosecurity scores (0=0.628, p<0.001), indicating that larger farms consistently
achieved higher biosecurity standards.

Linear regression analysis using log-transformed sow capacity confirmed these relationships as
statistically significant predictors of biosecurity implementation. Sow capacity explained 32% of the
variance in total biosecurity scores (R>=0.32, p<0.001; Figure 3A) and 28% of the variance in priority
biosecurity scores (R?=0.28, p<0.001; Figure 3B). The 95% confidence intervals widen at both extremes
of the log-transformed scale, reflecting greater uncertainty at the smallest and largest farms, where
data are sparser. Despite this uncertainty, the consistently positive slopes and non-overlapping
confidence bands across most of the range confirm robust associations.

Total biosecurity score vs farm size Priority biosecurity score vs farm size
(R*=0.32) (R?=0.28)

+ Observed data
—Rogression ine

Points
Points

35 0 a5 5 55 6 65 7 75 35 4 s s 65 7 5

556
Log(sow capacity) Log(Sow Capacity)

Figure 3. Relationship between farm size and biosecurity implementation levels. (A) Total biosecurity scores
(maximum possible: 245 points) demonstrated a positive correlation with sow unit capacity (Spearman 0=0.687,
p<0.001), with linear regression explaining 32% of the variance. (B) Priority biosecurity scores, representing the
14 most critical biosecurity measures (maximum possible: 140 points), showed a similar but slightly weaker
association with farm size (Spearman 0=0.628, p<0.001) with 28% of variance explained. Black lines represent
fitted linear regression models with 95% confidence intervals shown in gray shading, indicating the uncertainty
in the predicted relationship. Wider intervals at the extremes of farm size reflect fewer observations at very small

and very large farms. Each point represents an individual farm.

3.1.4. Farm Size Associations with Individual Biosecurity Parameters

To identify specific biosecurity measures influenced by production scale, we examined
associations between log-transformed sow capacity and scores for all 34 biosecurity parameters using
ordinal logistic regression. Given the exploratory nature of this analysis, we applied FDR correction
using the Benjamini-Hochberg procedure to control for multiple comparisons.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Remarkably, despite the strong overall correlation between farm size and total biosecurity scores
(0=0.687, p<0.001; Figure 3A), no individual biosecurity parameter showed a statistically significant
association with farm size (Figure 4), even before multiple testing correction. The smallest p-value
observed was 0.052 for parameter P5, with all p-values exceeding the conventional significance
threshold of 0.05. After FDR correction, all adjusted p-values exceeded 0.45, confirming the absence
of significant individual parameter associations.

ion of p-values for indivi biosecurity vs. farm size
T T T T T T

|

|
]

|
1 |

Number of Parameters

T
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1 1 1 1 1

05
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Figure 4. Distribution of p-values from ordinal logistic regression analyses testing associations between farm
size and individual biosecurity parameters. Despite the strong overall correlation between farm size and total
biosecurity scores (0 =0.687, p <0.001; see Figure 5A), none of the 35 individual biosecurity parameters achieved
statistical significance (all p > 0.05, indicated by red dashed line). The smallest observed p-value was 0.052, and
after FDR correction for multiple testing, all adjusted p-values exceeded 0.45. This finding reveals that superior
biosecurity in larger farms results from distributed marginal improvements across multiple parameters rather

than excellence in specific measures.

This paradoxical pattern-a strong aggregate relationship without significant individual
component associations—indicates that larger farms achieve superior biosecurity through cumulative
marginal improvements distributed across the entire spectrum of biosecurity measures rather than
through excellence in specific parameters. Each individual improvement may be too small to achieve
statistical significance, yet their combined effect produces the strong overall association observed.

3.2. ESBL Prevalence and Species Distribution

ESBL-producing Enterobacteriacene were detected in 28 out of 34 farms (82%), indicating
substantial prevalence within the study population (Figure 5A). From these ESBL-positive farms, a
total of 98 ESCR strains were recovered by selective cultivation from 95 of the 214 swine samples
tested (44.4%). Additionally, five Salmonella spp. isolates were retrieved from an equal number of
samples (2.3%; Figure 5B).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Prevalence, species distribution, and co-occurence of ESBL bacteria across the 34 participating
operations. (A) Number of farms with at least one ESBL-producing isolate detected (Positive, 82.35%) compared
with farms where no ESBL-producing isolates were detected (Negative, 17.65%). (B) Total collected samples,
including ESCR and Salmonella samples. (C) ESCR, Salmonella, and ESBL-producing isolates. (D) Distribution of
ESBL species per farm with percentages. (E) Distribution of ESBL-producing isolates per species. The y-axis
labels are the same as in (D). (F) ESBL species diversity per farm. Single-species infections predominated (n=22),

with E. coli as the most frequent isolate.

Seventy-eight isolates (36.5%) presented resistance to 3rd generation cephalosporins and were
phenotypically confirmed to produce ESBL (Figure 5C). The number of isolates per ESBL-positive
farm ranged from 1 to 9 (median: 2, IQR: 1-3.5), reflecting differences in the number of samples
collected per farm according to sow capacity.

Among the ESBL producers identified (Figure 5D-E), E. coli predominated with 69 isolates
(88.5%) detected in 26 farms (93% of ESBL-positive farms, 76.5% of all farms under study). Other
species were detected substantially less frequently: Proteus mirabilis (P. mirabilis) in 4 farms (4/78
isolates, 5.1%), Klebsiella pneumoniae (K. pneumoniae) in 3 farms (3/78 isolates, 3.8%), with single
isolates of Salmonella enterica (S. enterica) 11Ib and Enterobacter cloacae (E. cloacae) (1.3% each).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0032.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2025 d0i:10.20944/preprints202510.0032.v1

10 of 17

Mixed ESBL species were recovered from 6 farms (21% of ESBL-positive farms; Figure 3F), most
commonly E. coli with P. mirabilis (3 farms, 50% of mixed-species farms), suggesting potential cross-
contamination or environmental persistence of resistant organisms within these operations. Species
diversity per farm ranged from 1 to 3, with maximum diversity (3 species) observed in 1 farm (3% of
ESBL-positive farms).

3.3. Biosecurity Implementation as a Predictor of ESBL Detection
3.3.1. Biosecurity Scores and ESBL Status

Analysis of total biosecurity scores revealed significant differences between ESBL-positive and
ESBL-negative farms (Figure 6A). For ESBL-positive farms (n=28), scores ranged from 35 to 180 points
(median: 85, IQR:65-105), whereas ESBL-negative farms (n=6) achieved substantially higher scores
ranging from 85 to 180 (median: 165, IQR: 85-175). This disparity represented a median difference of
80 points, with ESBL-positive farms scoring approximately 48% lower than ESBL-negative ones (85
vs. 165 points).

A Total biosecurity scores by ESBL status B Priority biosecurity scores by ESBL status
200) 200)
15 — 15
150 . 150
125 125
&100) & 100]

75 75| —_

T 1=
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Figure 6. Biosecurity score distributions by ESBL status. Box plots comparing (A) total scores and (B) priority
biosecurity scores between ESBL-positive (n=28) and ESBL-negative farms (n=6). Total biosecurity scores
differed significantly between groups (Mann-Whitney U=28.5, p=0.01), with ESBL-positive farms scoring 48%
lower (median: 85 vs. 165 points). Priority scores showed similar patterns but were not statistically significant
(p=0.15). Notably, the median total biosecurity score of ESBL-positive farms corresponds exactly to the minimum
observed in ESBL-negative farms, suggesting a critical biosecurity implementation threshold below which farms

become consistently vulnerable to ESBL contamination.

Notably, the minimum biosecurity score observed in ESBL-negative farms (85 points)
corresponded exactly to the median score of ESBL-positive farms, suggesting a clear threshold effect
where farms below this implementation level were consistently associated with ESBL presence.
Mann-Whitney U testing confirmed this difference was statistically significant (U=28.5, p=0.01, r=0.4),
indicating a medium-to-large effect size according to Cohen’s criteria.

Priority biosecurity measures exhibited a similar pattern, although statistical significance was
not reached (Figure 6B). ESBL-positive farms achieved scores ranging from 15 to 120 points (median:
40, IQR: 35-53), while ESBL-negative farms scored substantially higher with a range of 30 to 110
(median: 100, IQR: 30-110). This represented a median difference of 60 points, with ESBL-positive
farms implementing approximately 60% fewer priority biosecurity measures compared to ESBL-
negative ones. Despite these substantial descriptive differences observed, statistical testing did not
reach significance (Mann-Whitney U=52, p=0.15, r=-0.2).

Point-biserial correlation revealed a significant negative association between ESBL presence and
total biosecurity scores (r = -0.51, p=0.01), confirming the strong inverse relationship observed in
group comparisons. The correlation between ESBL presence and priority biosecurity scores, while
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substantial in magnitude (r = -0.44), did not achieve statistical significance at the conventional 0.05
level (p=0.08).

Spearman rank correlation analysis, which is robust to non-normal distributions of biosecurity
parameters, yielded similar patterns. Total biosecurity scores demonstrated a trend toward strong
negative association (o = -0.49, p=0.09), while priority scores showed a moderate correlation that did
not achieve statistical significance (o =-0.25, p=0.14). The consistent pattern of weaker associations for
priority measures across different analytical approaches suggests that the selected priority
parameters may be less discriminatory than the comprehensive biosecurity assessment.

Logistic regression modeling provided additional insights into the predictive relationship
between biosecurity implementation and ESBL detection. For total biosecurity scores, each 10-point
increase was associated with a 28.8% reduction in the odds of ESBL detection (OR=0.71, 95% CI: 0.55-
0.92, p=0.0097). Model fit statistics supported the predictive utility of total biosecurity scores
(Nagelkerke’s R?=0.37), indicating that over one-third of the variance in ESBL status could be
explained by differences in biosecurity implementation.

Priority biosecurity measures demonstrated a similar magnitude of protective effect, with each
10-point increase corresponding to a 29.8 reduction in ESBL presence odds (OR=0.70, 95% CI: 0.52-
0.95). However, this relationship did not achieve statistical significance (p=0.209), and model
performance was weaker (Nagelkerke’s R?=0.26), suggesting that these 14 priority parameters alone
may explain no more than one-quarter of the variance in ESBL status.

3.3.2. Species-Specific Biosecurity Associations

To investigate whether biosecurity implementation levels differentially affected specific ESBL-
producing species, we examined associations between biosecurity scores and individual pathogen
presence. Given the marked predominance of E. coli among ESBL producers (88.5% of isolates,
detected in 26/34 farms), statistical analyses focused primarily on this species. Additional descriptive
comparisons were provided for P. mirabilis (n=4 farms) and K. pneumoniae (n=3 farms), which occurred
with sufficient frequency to identify potential patterns (Figure 5D-E).

E. coli ESBL and Biosecurity Implementation

Farms harboring ESBL-producing E. coli demonstrated substantially lower biosecurity
implementation levels compared to E. coli negative farms. Total biosecurity scores in E. coli-positive
farms ranged from 35 to 180 points (median: 82, IQR: 65-100), while E. coli-negative farms achieved
scores of 85 to 180 points (median:142, IQR: 88-170). This difference of 60 points represented a 42%
reduction in biosecurity implementation levels (Mann-Whitney U=36.5, p=0.006, r=0.47), indicating a
large effect size by Cohen’s criteria (Figure 7).

Total biosecurity scores by E. coli ESBL status Priority Bi ity Scores by E. coli ESBL status
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Figure 7. Distribution of biosecurity scores by E. coli ESBL status. Boxplots comparing (A) total biosecurity score
and (B) priority biosecurity scores betweem farms negative (n=8) and positive (n=26) for ESBL producing E. coli.
Total biosecurity scores differed significantly between groups (Mann-Whitney U=36.5, p=0.006), while priority
scores showed a non-significant trend (U=63, p=0.098). The marked difference in total biosecurity scores (median:
142 vs. 82 points) indicates a strong association between comprehensive biosecurity implementation levels and

protection against E. coli ESBL colonization.

Priority biosecurity measures showed a similar pattern, though with reduced statistical
significance. E. coli-positive farms ranged from 15 to 120 points (median: 38, IQR: 35-35), while E. coli-
negative farms achieved scores of 30 to 110 points (median: 82, IQR: 35-105). This difference of 44
points represented a 54% reduction in priority biosecurity implementation levels but did not achieve
statistical significance (Mann-Whitney U=63, p=0.098, r=0.28).

Logistic regression analysis quantified the protective effect of biosecurity implementation
against E. coli ESBL colonization. For total biosecurity scores, each 10-point increase was associated
with a 25% reduction in the odds of E. coli presence (OR=0.75 95% CI: 0.59-0.93, p=0.011). The model
explained 31% of the variance in E. coli status (Nagelkerke’s R>=0.31).

Biosecurity Patterns for Other ESBL Species

Beyond E. coli, which was detected in 26 out of 28 ESBL-positive farms (92.9%), other ESBL-
producing species showed distinct biosecurity patterns.

P. mirabilis was identified in 4 farms with total biosecurity scores ranging from 80 to 160 points
(median: 92, IQR: 85-128) and priority scores from 35 to 110 points (median: 45, IQR: 38-80). K.
pneumoniae ESBL was detected in 3 farms with total biosecurity scores ranging from 62 to 120 points
(median: 80, IQR: 69-110) and priority scores from 35 to 65 points (median: 50, IQR: 39-60), all
clustering around or below the study median of 85 points.

The substantial difference between ESBL-negative farms (median: 165) and farms positive for
any ESBL species illustrates the protective effect of comprehensive biosecurity implementation. The
minimum total biosecurity score observed in ESBL-negative farms (85 points) corresponded closely
to the median scores observed in farms with E. coli (82 points) and K. pneumoniae (80 points),
suggesting a potential threshold effect for ESBL colonization risk (Table 1).

Table 1. Distribution of biosecurity scores by ESBL species presence across the 34 participating farms. Categories
are not mutually exclusive as some farms harbored multiple ESBL species. The number of farms represents those
positive for each species out of 28 ESBL-positive farms, except for the “No ESBL” category which represents 6 of
the 34 total farms studied.

ESBL Species Farms Total Biosecurity Score Priority Biosecurity Score
No Median (IQR) Range Median (IQR) Range
E. coli 26 82 (65-100) 35-180 38 (35-50) 15-120
P. mirabilis 4 92 (85-128) 80-160 45 (38-80) 35-110
K. pneumoniae 3 80 (69-110) 62-110 50 (39-60) 35-65
No ESBL 6 165 (85-175) 85-110 100 (30-110) 30-110

4. Discussion

This study demonstrates a strong inverse relationship between biosecurity implementation and
ESBL prevalence in Greek swine farms, with comprehensive biosecurity measures providing greater
protection than priority measures alone. The 82% farm-level ESBL prevalence observed substantially
exceeds rates reported in other European countries [8,27], highlighting an urgent need for
intervention in the Greek swine sector. Our findings highlight that improved biosecurity measures
lead to reduced phenomena of ESBL-producing bacteria presence. These results are in accordance
with previous studies in which inadequate biosecurity measures correlated with higher AMU
[23,28,29].
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Perhaps the most intriguing finding was the absence of significant associations between farm
size and individual biosecurity parameters, despite strong overall correlations. This paradox reveals
that biosecurity is fundamentally a systems-level phenomenon where cumulative marginal
improvements across multiple measures create synergistic protective effects that cannot be achieved
through isolated interventions. This paradoxical finding—where supposedly “priority” measures
show greater variability and weaker associations with ESBL prevention —suggests a need to reassess
which biosecurity components truly provide the most protection under field conditions. Moreover
this results is in contrast with the study that our biosecurity assessment system was based on [26].
Previous researches examined the influence of basic biosecurity measures, such as all-in all-out
system, single animal source etc. in the presence of AMR [17,24,30]. Our finding has profound
implications for biosecurity strategy. Rather than focusing resources on perfecting specific “critical
control points,” farms appear to benefit more from distributed improvements across all biosecurity
domains. Each individual improvement may be statistically insignificant, yet their combined effect
produces substantial protection against ESBL colonization. This challenges the prevailing
reductionist approach to biosecurity and suggests that holistic, multi-faceted strategies may be more
effective.

The observation that the minimum biosecurity score in ESBL-negative farms (85 points)
corresponded exactly to the median score of ESBL-positive farms suggests a critical implementation
threshold. Farms scoring below 85 points (35% of maximum) were consistently vulnerable to ESBL
contamination. This threshold effect has important implications for establishing minimum
biosecurity standards in swine production. The median implementation of only 35% of
recommended biosecurity measures indicates substantial room for improvement across the Greek
swine industry. The even lower implementation of priority measures (29% median) suggests that
fundamental pathogen prevention guidelines face greater adoption barriers than supplementary
practices. This pattern may reflect higher technical complexity, resource requirements, or practical
constraints associated with core biosecurity measures. Our study’s results are alarming about the
biosecurity level in Greek pig farms. Findings from other countries worldwide, reported highest
biosecurity scores, highlighting the urgent need of more professionalism in that sector [31,32].

The strong positive association between farm size and biosecurity implementation likely reflects
differential access to technical expertise and financial resources. Larger operations can more readily
invest in infrastructure, training, and systematic biosecurity protocols, those results are also in
agreement with previous studies [12,32]. However, our findings suggest that even smaller farms can
achieve protection through distributed improvements across multiple biosecurity domains rather
than requiring excellence in specific high-cost interventions. The heterogeneity in farm sizes and
biosecurity scores within our sample reflects the diverse nature of Greek swine production. This
diversity presents both challenges and opportunities for targeted interventions based on farm scale
and current biosecurity status.

E. coli dominated the ESBL landscape (88.5% of isolates), consistent with global patterns in swine
production [33]. The stronger association between biosecurity and E. coli compared to other species
may reflect this organism’s transmission characteristics and environmental persistence. The presence
of P. mirabilis and K. pneumonige at intermediate biosecurity levels suggests species-specific
vulnerability patterns that warrant further investigation. The occurrence of mixed ESBL species in
21% of positive farms indicates potential cross-contamination or shared resistance selection pressures
within operations. This finding emphasizes the need for comprehensive approaches targeting
multiple bacterial species simultaneously.

The convergence of human, animal, and ecosystem health—conceptualized within the One
Health framework—is increasingly acknowledged as a critical determinant in the emergence and
dissemination of AMR. This interface constitutes not only a driver of resistance evolution but also an
underutilized opportunity for comprehensive AMR surveillance [34]. Indeed, AMR exemplifies a
quintessential One Health challenge [35,36]. Antimicrobial resistance genes (ARGs) epitomize the
interconnectedness of humans, animals, plants, and their shared environments. The inappropriate
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use of antimicrobials fosters conditions conducive to the selection and stabilization of resistance
genes, which may subsequently disseminate to humans and animals through contaminated food
products or environmental reservoirs.

Beyond the human-animal interface, the environment assumes a dual role, both as a conduit for
the dissemination and as a reservoir for the persistence of AMR. This underscores the necessity of
surveillance strategies explicitly aligned with the One Health paradigm [37]. Exacerbating factors
include limited access to veterinary services, inadequate knowledge regarding antimicrobial
therapies, and the availability of antimicrobials without prescription, all of which contribute to
misuse and subsequent environmental contamination. Addressing these challenges requires the
establishment of educational outreach platforms and the implementation of evidence-based public
health policies that promote the judicious AMU within the swine industry [34]. Regular on-farm
training — preferably facilitated by experts on an annual basis—represents a pragmatic avenue for
advancing antimicrobial stewardship. When integrated with training in hygiene and biosecurity
procedures, such interventions are expected to yield systemic improvements, particularly within
professional zones and their transitional areas, which constitute the principal targets for cleaning and
disinfection measures [38]. Several authors have suggested that non-compliance with biosecurity
measures is frequently associated with insufficient training of farm personnel and ineffective
communication between farm workers and technical service providers [38—40]. This is particularly
evident in relation to the understanding of how individual measures contribute to the prevention of
disease transmission. To address this gap and strengthen communication between farmers and
biosecurity advisors, Scollo et al. recommend the implementation of a tailored biosecurity plan [39].

Several limitations should be considered when interpreting these findings. First, the cross-
sectional design prevents definitive causal inference regarding the biosecurity-ESBL relationship.
Second, the relatively small number of ESBL-negative farms may limit statistical power for some
comparisons, though the large effect sizes observed suggest robust associations. Third, biosecurity
assessment relied on a scoring system that may not fully capture implementation quality or
consistency over time. Finally, sampling was limited to piglets, potentially underestimating overall
farm ESBL prevalence, as adult animals may harbor different resistance patterns. Future research
should employ longitudinal designs to establish temporal relationships between biosecurity
implementation and ESBL emergence. Investigation of specific biosecurity measure combinations
that provide synergistic protection could inform more efficient intervention strategies. Additionally,
economic analyses comparing the costs of comprehensive biosecurity implementation versus losses
from ESBL-related treatment failures would provide valuable decision-making support for
producers.

5. Conclusions

This study provides strong evidence that comprehensive biosecurity implementation serves as
a critical barrier against antimicrobial-resistant bacteria in swine operations. The systems-level nature
of biosecurity protection, revealed through the paradoxical absence of individual parameter
associations despite strong aggregate effects, represents a novel contribution to understanding
biosecurity effectiveness. These findings argue for a paradigm shift from focusing on individual
“critical control points” to promoting distributed improvements across multiple biosecurity domains.
With 82% of Greek swine farms harboring ESBL-producing bacteria and median biosecurity
implementation at only 35% of recommended levels, there is both urgent need and substantial
opportunity for improvement in the Greek swine sector.
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