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Abstract

The aim of this study was to assess how raising chickens without the use of antimicrobials
affects the microbiome of poultry carcasses. A total of 151 caeca and neck skin samples
from chickens raised without antimicrobials were collected in the same slaughterhouse
and submitted to shotgun metagenomic sequencing. Caeca were dominated by Bacillota
and Bacteroidota, while carcasses by Pseudomonadota. The caeca microbiome was en-
riched in genes related to a proliferating and metabolically active microbial community.
Carcass-associated microbiomes were enriched in functional genes linked to adaptation to
nutritionally limited and oxidative environments. A significantly higher cumulative antimi-
crobial resistance gene abundance was detected in carcasses compared to caeca. Specifically,
carcasses exhibited approximately 1.5 times more AMR genes, reflecting an increase of
nearly 49%. While caeca showed enrichment of resistance determinants associated with
Gram-positive anaerobic gut commensals, carcasses were characterized by a predominance
of multidrug efflux systems and clinically relevant β-lactam resistance genes, commonly
associated with environmental and opportunistic Gram-negative bacteria. In carcasses,
carbapenem-associated genes, such as OXA-58-like and CphA, were detected. However,
these genes have not been associated with carbapenemase-producing Enterobacterales.
Overall, the findings of this study indicate that reducing antimicrobial resistance in food
animal production systems extends beyond farm-level intervention. At present, the benefits
of the interventions aimed at reducing antimicrobial resistance at farm level seem to be
compromised during the post-harvest stages.
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1. Introduction
In the European Union (EU), antimicrobial resistance (AMR) is estimated to cause

more than 35,000 human deaths each year [1]. Moreover, the annual economic burden of
AMR is estimated at €1.5 billion. AMR encompasses human, animal and environmental
health, thus representing a One Health issue. In 2017, the EU adopted a One Health Action
Plan Against AMR. However, the established AMR reduction targets have not yet been
achieved. There are multiple reasons why the expected targets have not been met. One
key reason is that AMR is a multi-faceted cross-border health threat that cannot be tackled
without a systematic approach. Tackling AMR requires a high level of collaboration across
sectors and between countries, including at the global level. One sector in which AMR has
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not yet been addressed systematically is food animal production systems. In this sector, all
the efforts to fight AMR have primarily focused on the farm level [2–4].

According to a recent market report from the European Commission, poultry meat
production in the EU reached approximately 14.1 million tonnes in 2024, representing a
notable 6.0% increase compared to 2023. Poultry is one of the animal production systems
most prone to being raised without the use of antimicrobials because the chicken life cycle
is very short (i.e., 35–42 days). The strategies to raise chickens without using antimicrobials
include a vaccination program, implementation of robust biosecurity measures, training
of farmers, and use of microbiomes to fight pathogen colonization in the gastrointestinal
tract [5]. Besides the chicken gastrointestinal tract, litter can also be kept free of pathogens
by using probiotics [6,7]. Tang et al. demonstrated that reducing the level of antibiotic
use in animal production can be effective in fighting antibiotic resistance in both animals
and humans [8]. To limit the use of antibiotics in animal rearing, Regulation (EC) No.
1831/2003 [9] banned the market and use of antibiotics as growth promoters in feed in
the European Union in January 2006. More recently, Regulation EU 2019/6 [10] laid down
rules for the placing on the market, manufacturing, import, export, supply, distribution,
pharmacovigilance, control and use of veterinary medicinal products. Moreover, Regulation
EU 2019/4 [11] targeted the manufacture, placing on the market and use of medicated feed.

In 2021, the European Food Safety Authority (EFSA) published a scientific opinion
on the role of the environment in the emergence and spread of AMR through the food
chain [12]. The document highlights that the slaughter line can introduce and spread
antimicrobial-resistant bacteria during defeathering and evisceration through spillage of
gastrointestinal content [13–15]. Contamination can also originate from water used in the
slaughtering process [16], from workers, through their hands and from air and aerosol [14].
At present, studies on poultry carcass resistome are lacking. The few studies available
concern pig slaughterhouses [17,18]. In 2022 EFSA published a second scientific opinion on
the transmission of AMR bacteria and genes between animals, including chickens, during
transport [19]. It has been documented that such transmission is due to a number of factors,
including fecal shedding during transport, poor hygiene of vehicles and lairage areas, and
transport duration.

In 2022, we conducted a pilot study to quantify differences in antimicrobial resistance
load between caeca and corresponding carcasses at slaughtering. The primary research
question was whether raising chickens without the use of antimicrobials affects the micro-
biome of poultry meat. To address this question, we compared the microbiomes of caeca,
collected during evisceration, with those of the corresponding carcasses sampled at the end
of the chilling tunnel. Caeca and carcasses originated from two flocks of chickens reared
either with or without antimicrobials, respectively [20]. The results showed that caeca from
chickens raised in the antibiotic-free flock had a significantly lower AMR load than those
from the conventionally reared flock. However, the AMR load detected on carcasses from
the two flocks was comparable, showing that post-harvest steps negate the positive impact
of antibiotic-free rearing conditions on the carcass microbiome. In the present study, we
expanded our investigation, considering only antibiotic-free flocks to confirm the increase
in AMR genes between caeca and carcasses. A total of 151 samples were tested, including
four antibiotic-free poultry flocks sampled before and after the pandemic period. The
tested poultry flocks were reared in the same poultry houses during the different sampling
periods and were slaughtered in the same facility.
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2. Materials and Methods
2.1. Experimental Design

A total of 152 caeca and neck skin samples were collected in the same slaughterhouse.
The samples belonged to 76 broilers from four antibiotic-free flocks, reared in two poultry
houses, labeled as CM and ZR. A total of 15 broilers from each of the two poultry houses
were slaughtered between 12 and 21 November 2019. A total of 23 broilers from each
of the two poultry houses were slaughtered between 1 and 10 March 2023. The sample
characteristics are summarized in Table 1.

Table 1. Sample groups defined according to the matrix type (source), the poultry house and the
sampling period.

Source Poultry House Sampling Year Number of
Samples

Caeca CM 2019 15
Carcasses CM 2019 15
Caeca ZR 2019 15
Carcasses ZR 2019 15
Caeca CM 2023 22
Carcasses CM 2023 23
Caeca ZR 2023 23
Carcasses ZR 2023 23

At the slaughterhouse, from each broiler, both the gastrointestinal tract and the whole
carcass were sampled. Each gastrointestinal tract was collected at the evisceration machine,
placed in a sterile plastic bag and transported to the laboratory in refrigeration conditions.
Each carcass was sampled at the end of the refrigeration tunnel, placed in a sterile plastic
bag and transported to the laboratory under refrigeration conditions. The sampling was
organized in order to collect the gastrointestinal tract and carcass of the same animal,
labeling the hook of the carcass from which the gastrointestinal tract was sampled.

In the laboratory, the caeca were separated from the gastrointestinal tract. The caeca
content was squeezed into 2 mL plastic tubes, flash-frozen in liquid nitrogen and stored
at −80 ◦C until DNA extraction. From each carcass, approximately 10 g of neck skin was
dissected, diluted 1:10 with sterile physiological solution (NaCl 0.90%), homogenized in the
stomacher MAYO Homogenius HG400V (Mayo International srl, Novate Milanese, Italy)at
normal speed for 1 min and centrifuged at 4 ◦C for 20 min at 6800 rpm. The supernatant
was discarded, while the pellet was stored at −80 ◦C until DNA extraction.

2.2. DNA Extraction and Sequencing

Total DNA was extracted from the caeca contents using the QIAmp® DNA Stool Mini
Kit (Qiagen, Milan, Italy), as previously described [21]. Moreover, DNA was extracted
from neck skin pellet using the PowerFood® Microbial DNA Isolation Kit (Qiagen, Mo
Bio Laboratories, Hilden, Germany), as previously described [22]. The DNA quality and
quantity, achieved from the DNA extraction, were measured using the BioSpectrometer®

(Eppendorf, Milan, Italy). The extracted DNAs were fragmented and tagged with sequenc-
ing indexes and adapters using the Nextera XT DNA Library Preparation Kit (Illumina,
Inc., San Diego, CA, USA). Shotgun metagenomic sequencing was performed using the
NextSeq500 (Illumina) at 2 × 150 bp in paired-end mode.

2.3. Bioinformatic and Biostatistics Analysis

Raw sequencing reads were processed using bcl2fastq to perform adapter trimming
and quality filtering, retaining only high-quality reads for downstream analyses. Host-
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derived sequences were removed by aligning the filtered reads to the Gallus gallus reference
genome (Galgal6) with Bowtie2 and discarding all reads mapping to the host. Taxonomic
classification of the remaining microbial reads was carried out with Kaiju using the nr_euk
protein reference database to assign taxa based on protein-level homology [23]. The
taxonomic profiles were normalized to relative abundances, which inherently accounts for
differences in sequencing depth across samples.

Diversity indices were calculated using the Shannon index to assess the microbial
richness, and the Bray–Curtis method was used to compute the beta diversity. Both indices
were calculated using the R package vegan (respectively diversity and vegdist) starting
from the genus-level relative abundances. The beta diversity distance matrix was used to
compute the Principal Coordinates Analysis (R package stats, function cmdscale) to reduce
the data to three dimensions, which were visualized in a 3D scatter plot (R package rgl).

To perform the functional characterization of the microbial communities, paired-end
sequencing reads were concatenated for each sample and analyzed with HUMAnN3 (v3.9)
using the UniRef90 protein database as reference [24]. The resulting pathway abundances
were then normalized to counts per million (CPM) for consistent comparison across samples.

Antimicrobial resistance (AMR) genes were detected using the Resistance Gene Identi-
fier (RGI) with the CARD as the reference [25]. Only alignments at the allele level showing
more than 95% identity to the CARD reference and covering at least 50 base pairs were
retained and normalized, as previously described [20], using the Fragments Per Kilobase
per Million mapped reads (FPKM) approach. FPKM accounts for both gene length and
sequencing depth, enabling more accurate comparisons between AMR gene abundance
across samples with different library sizes. The aggregated results were then calculated at
the AMR gene family and drug class levels by summing the allele-level counts.

Statistical analyses were performed using the Wilcoxon rank-sum test for pairwise
comparisons between groups. Differences in beta diversity were evaluated using permuta-
tional multivariate analysis of variance (Adonis). For all analyses, results were considered
statistically significant at p < 0.05.

Data visualization was performed under the R environment with the ggplot2 package
to generate graphical representations of taxonomic, functional, and AMR profiles.

3. Results
A total of 151 metagenomes were collected in this study: 15 from caeca and 15 from

the neck skin of broilers reared in the poultry house CM sampled in 2019; 15 from caeca
and 15 from neck skin of broilers reared in the poultry house ZR sampled in 2019; 22 from
caeca and 23 from neck skin of broilers reared in the poultry house CM sampled in 2023;
23 from caeca and 23 from neck skin of broilers reared in the poultry house ZR sampled
in 2023. One caeca sample from the poultry house CM sampled in 2023 did not result in
good DNA quality and was discarded. The other 151 samples were sequenced, yielding an
average of 5.25 Gb per sample.

3.1. Taxonomic Profile

The genus-level β-diversity analysis, based on the Bray–Curtis dissimilarity metric,
revealed pronounced differences in microbial community structure among the tested
samples. A significant taxonomic compositional divergence was observed between caeca
and carcass samples (adonis adj. p-value < 0.001), with a higher homogeneity among
caeca (Figure 1A). The beta diversity divergence was significantly pronounced in carcasses
originating from the two poultry houses (adonis adj. p-value = 0.003), while it was not
observed in caeca (adonis adj. p-value = 0.690) (Figure 1A). Moreover, sampling time
emerged as a factor deeply associated with measurable changes in microbial composition in
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both caeca and carcasses (respectively adonis adj. p-value < 0.001 and adj. p-value = 0.009)
(Figure 1B). These results indicate that sample type (i.e., caeca vs. carcasses) and sampling
period (i.e., T1 = 2019 vs. T2 = 2023) were the primary drivers of community variation in
this dataset, while the poultry house had an impact on carcass microbiome but not on caeca
microbiome shifts.

Figure 1. Three-dimensional projection of PCoA derived from Bray–Curtis beta diversity calculation
for the different poultry houses (A) and sampling time (B). Panel (A)—Deep blue: caeca of broilers
reared in the poultry house CM; Light blue: caeca of broilers reared in the poultry house ZR; Deep
red: carcasses of broilers reared in the poultry house CM; Light red: carcasses of broilers reared in the
poultry house ZR. Panel (B)—Light orange: caeca sampled at T1; Deep orange: caeca sampled at T2;
Light green: carcasses sampled at T1; Deep green: carcasses sampled at T2.

The evaluation of taxonomic composition at the phylum level revealed that the caeca
were dominated by Bacillota (71.7%) and Bacteroidota (19.0%), together accounting for over
90% of the total community. In contrast, the carcass microbiome showed a distinct compo-
sition, with Pseudomonadota representing the predominant phylum (51.7%), followed by
Bacillota (20.9%). Other phyla, including Chlamydiota (7.4%) and Actinomycetota (7.3%),
were detected at moderate relative abundances, whereas Bacteroidota represented only
a minor fraction (2.5%). Additionally, carcass samples exhibited a higher proportion of
unclassified taxa (9.3%) compared with cecal samples (2.4%), indicating greater taxonomic
heterogeneity. Interestingly, the ratio between Bacillota (formerly Firmicutes) and Bac-
teroidota in the caeca was significantly higher at T2 than at T1 in samples collected from
the CM poultry house (p-value = 0.034), whereas no significant difference was observed in
ZR (p-value = 0.531). At T1, ZR exhibited a significantly higher F/B ratio compared with
the CM poultry house (p-value = 0.037); however, this difference was no longer evident at
T2 (p-value = 0.642) (Figure 2).

Considering the top 20 most abundant genera identified in caeca and carcasses,
different compositional profiles were highlighted (Figure 3). Faecalibacterium, followed
by Pseudoflavonifractor, Alistipses and Bacteroides were the most abundant genera in
caeca, showing a homogeneous taxonomic composition along time points and poul-
try houses (Figure 3A). In contrast, in carcasses, the taxonomic composition was more
divergent between groups (Figure 3B). In poultry house ZR, a higher abundance of
Aeromonas (p = 3.51 × 10−13; FDR = 2.03 × 10−10) and a lower abundance of Chlamydia
(p = 2.36 × 10−10; FDR = 1.56 × 10−8) were quantified compared to CM. Moreover, on car-
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casses originating from both poultry houses, at T1 the relative abundance of Psychrobacter
was significantly higher compared to T2 (p = 2.47 × 10−18; FDR = 3.11 × 10−15), while
a high abundance of Rothia was quantified at T2. This genus was not detected at T1
(p = 5.81 × 10−16; FDR = 3.66 × 10−13) (Figure 3B).

Figure 2. Box plot showing the ratio between Bacillota and Bacteroides (F/B) in the microbiome of
caeca of broilers reared in the poultry houses CM and ZR at T1 and T2.

In terms of alpha diversity, reflecting both the richness and evenness of bacterial
genera, the Shannon index was significantly higher in cecal samples than in carcass samples
(p < 0.001). Cecal microbiome exhibited consistently high alpha diversity with comparable
values between poultry houses CM and ZR; however, a significant reduction from T1 to
T2 was observed in both poultry houses (p < 0.001 in CM and p = 0.001 in ZR). In contrast,
carcass samples showed lower alpha diversity, with carcasses from poultry house CM
displaying significantly higher values than those from poultry house ZR at both time points
(p = 0.006 at T1 and p < 0.001 at T2) (Figure 4).
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Figure 3. Mean relative abundance of the top 20 genera quantified in caeca (A) and carcasses (B) from
the two poultry houses (i.e., CM and ZR) sampled at both sampling times (T1, 2019; T2, 2023).

Figure 4. Box plots of the alpha diversity indexes calculated at the genus level by the Shannon index
for caeca and carcass samples collected from the tested poultry houses (i.e., CM and ZR) at both
sampling times (T1, 2019; T2, 2023).
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3.2. Functional Profile

Figure 5 displays the top 20 most represented metabolic pathways identified in the
microbial community of cecal contents and carcasses tested in this study. This descriptive
analysis aims to highlight the most abundant pathways in each matrix. Among the 20 most
abundant pathways identified in the microbiome of caecal contents and carcasses, six were
shared between the two matrices.

 
   Figure 5. MetaCyc pathway abundance evaluation in the microbiomes of caeca and carcasses col-

lected in the two poultry houses (i.e., CM and ZR) at both sampling times (T1, 2019; T2, 2023). Panel
(A) Top 20 most abundant pathways in caeca: VALSYN-PWY: L-valine biosynthesis; PWY-7111:
pyruvate fermentation to isobutanol (engineered); ILEUSYN-PWY: L-isoleucine biosynthesis I (from
threonine); PWY-5103: L-isoleucine biosynthesis III; CALVIN-PWY: Calvin–Benson–Bassham cycle;
BRANCHED-CHAIN-AA-SYN-PWY: superpathway of branched-chain amino acid biosynthesis;
PWY-1042: glycolysis IV; PWY-6609: adenine and adenosine salvage III; TRNA-CHARGING-PWY:
tRNA charging; PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis II; PWY-6277: superpath-
way of 5-aminoimidazole ribonucleotide biosynthesis; PWY-6121: 5-aminoimidazole ribonucleotide
biosynthesis I; PWY-7791: UMP biosynthesis III; PWY-7790: UMP biosynthesis II; PWY-5686: UMP
biosynthesis I; ARGSYNBSUB-PWY: L-arginine biosynthesis II (acetyl cycle); PWY-3841: folate trans-
formations II (plants); PWY-7221: guanosine ribonucleotides de novo biosynthesis; ARGSYN-PWY:
L-arginine biosynthesis I (via L-ornithine); GLUCONEO-PWY: gluconeogenesis I. Panel (B) Top
20 most abundant pathways in carcasses: VALSYN-PWY: L-valine biosynthesis; PWY-7111: pyru-
vate fermentation to isobutanol (engineered); ILEUSYN-PWY: L-isoleucine biosynthesis I (from
threonine); PWY-5103: L-isoleucine biosynthesis III; CALVIN-PWY: Calvin–Benson–Bassham cycle;
BRANCHED-CHAIN-AA-SYN-PWY: superpathway of branched-chain amino acid biosynthesis;
PWY0-1586: peptidoglycan maturation (meso-diaminopimelate containing); NONOXIPENT-PWY:
pentose phosphate pathway (non-oxidative branch) I; PWY-7238: sucrose biosynthesis II; PWY-
5941: glycogen degradation II; UDPNAGSYN-PWY: UDP-N-acetyl-D-glucosamine biosynthesis I;
PWY-5695: inosine 5’-phosphate degradation; PWY-5136: fatty acid & beta;-oxidation II (plant peroxi-
some); PWY-8178: pentose phosphate pathway (non-oxidative branch) II; PWY0-1477: ethanolamine
utilization; PWY-6608: guanosine nucleotides degradation III; SALVADEHYPOX-PWY: adenosine nu-
cleotides degradation II; ASPASN-PWY: superpathway of L-aspartate and L-asparagine biosynthesis;
PWY-7977: L-methionine biosynthesis IV; FAO-PWY: fatty acid & beta-oxidation I (generic).

The shared pathways included L-valine biosynthesis (VALSYN-PWY), pyruvate
fermentation to isobutanol (PWY-7111), L-isoleucine biosynthesis I from threonine
(ILEUSYN-PWY), L-isoleucine biosynthesis III (PWY-5103), the Calvin–Benson–Bassham
cycle (CALVIN-PWY), and the superpathway of branched-chain amino acid biosynthesis
(BRANCHED-CHAIN-AA-SYN-PWY) (Figure 5).
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In addition to these pathways, predominantly associated with protein synthesis,
the metabolic functions most prominently detected in the caeca were related to carbon
metabolism with glycolysis IV (PWY-1042) and gluconeogenesis I (GLUCONEO-PWY) sup-
porting energy production and metabolic flexibility. In parallel, multiple pathways involved
in nucleic acids biosynthesis were detected, including uridine monophosphate (UMP)
biosynthesis I, II and III (PWY-5686, PWY-7790, PWY-7791), guanosine ribonucleotides de
novo biosynthesis (PWY-7221), and 5-aminoimidazole ribonucleotide biosynthesis I–III
(PWY-6121, PWY-6122, PWY-6277) together with folate-mediated one-carbon metabolism
(PWY-3841), reflecting an increased demand for nucleotides. The enrichment of tRNA
charging (TRNA-CHARGING-PWY) and L-arginine biosynthesis pathways (ARGSYN-
PWY, ARGSYNBSUB-PWY) further supports an elevated rate of protein synthesis. Overall,
this metabolic profile is consistent with the presence of a microbial community showing
active bacterial proliferation and high metabolic activity (Figure 5A).

In contrast, the metabolic pathways identified in the carcasses were related to glycogen
degradation I and II (FAO-PWY; PWY-5941), sucrose biosynthesis II (PWY-7238), fatty acid
β-oxidation (PWY-5136), and the pentose phosphate pathway (PWY-8178). These pathways
highlight microbial activity under nutritionally limited conditions and focus on cellular
maintenance rather than proliferation (Figure 5B).

3.3. Resistome Profile

The resistome analysis performed with the RGI pipeline displayed remarkable dif-
ferences in antibiotic resistance ontologies (ARO), defining a different AMR profile in
caeca compared to carcasses. The total abundance of AMR genes differed between sample
matrices, poultry houses, and sampling time points (Figure 6).

 

2 

 
   Figure 6. Box plots showing the total AMR level (FPKM) per type of sample (i.e., caeca and carcasses),

stratified by poultry house (i.e., CM vs. ZR) and sampling time (T1 vs. T2).

Overall, carcass samples showed a significantly higher cumulative AMR load than
caeca across poultry houses and time points (p < 0.001). In caeca, AMR levels were
comparable between poultry houses, with slightly higher values observed in ZR compared
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to CM only at T1 (p < 0.001). In addition, an increase in cumulative AMR gene abundance
was detected at T2 in both poultry houses (p < 0.001 in CM and p < 0.001 in ZR). In contrast,
carcasses showed both a higher abundance of AMR genes and increased variability. At both
T1 and T2, carcasses from the poultry house ZR showed lower AMR abundance compared
to carcasses from CM (p < 0.001 at T1 and p < 0.001 at T2). Moreover, a significantly higher
AMR level was detected on carcasses from the poultry house ZR in the comparison between
T2 and T1, while no difference was observed in the comparison between T1 and T2 for
carcasses from CM. The results displayed in Figure 6 show a clear distinction in AMR gene
load between caeca and carcass samples and also between poultry houses and time points.

Table 2 shows the top 10 most represented AMR gene families in carcasses (neg-
ative log2FC) and caeca (positive lof2FC) together with the putative drug class and
resistance mechanisms.

Table 2. The most represented AMR gene families according to the Comprehensive Antibiotic
Resistance Database (CARD). For each gene family, the corresponding antibiotic or antibiotic class to
which resistance is conferred and the associated resistance mechanism are reported. Log2FC indicates
the magnitude of the difference between caecum and carcass samples. p-values were calculated using
the Wilcoxon rank-sum test and adjusted for multiple comparisons using the Benjamini–Hochberg
false discovery rate (FDR) correction.

ARO Term * AMR Gene Family Drug Resistance Resistance Mechanism log2FC p-Value FDR

ARO:3005050 Intrinsic peptide
antibiotic-resistant Lps peptide antibiotics reduced permeability to

antibiotic −10.446 2.7528 × 10−22 4.3433 × 10−21

ARO:3005113 AAC(6’)-Ib-cr multidrug antibiotic inactivation −6.692 7.0385 × 10−21 9.5187 × 10−20

ARO:3007728 OXA-58-like beta-lactamase
penicillin
beta-lactam,
carbapenem

antibiotic inactivation −4.603 8.4023 × 10−11 6.6285 × 10−10

ARO:3007699 OXA-12-like beta-lactamase penicillin
beta-lactam antibiotic inactivation −3.906 8.9261 × 10−8 4.783 × 10−7

ARO:0010004
resistance-nodulation-cell
division (RND) antibiotic
efflux pump

multidrug antibiotic efflux −3.600 1.2933 × 10−22 2.1606 × 10−21

ARO:3000581 CphA beta-lactamase Carbapenem antibiotic inactivation −3.458 1.4859 × 10−7 7.4035 × 10−7

ARO:3004251 antibiotic-resistant cya
adenylate cyclase phosphonic acid antibiotic target alteration −3.035 4.2109 × 10−13 3.8578 × 10−12

ARO:3004232 ampC-type beta-lactamase
Cephalosporin,
penicillin
beta-lactam

antibiotic inactivation −2.832 2.4497 × 10−6 1.0871 × 10−5

ARO:0010002
major facilitator
superfamily (MFS)
antibiotic efflux pump

multidrug antibiotic efflux −2.696 3.7094 × 10−8 2.1069 × 10−7

ARO:0010003
small multidrug resistance
(SMR) antibiotic efflux
pump

multidrug antibiotic efflux −2.660 3.8264 × 10−10 2.7864 × 10−9

ARO:3000869 streptothricin
acetyltransferase (SAT) nucleoside antibiotic inactivation 6.742 1.8094 × 10−25 4.6715 × 10−24

ARO:3007406 APH(3’) aminoglycoside antibiotic inactivation 7.499 1.5814 × 10−24 3.4547 × 10−23

ARO:3004192 CepA beta-lactamase Cephalosporin antibiotic inactivation 7.579 6.814 × 10−25 1.6126 × 10−23

ARO:3000234 glycopeptide resistance
gene cluster, vanR

glycopeptide
antibiotics antibiotic target alteration 8.227 5.5485 × 10−26 1.7509 × 10−24

ARO:3003419 antibiotic-resistant rpsL Aminoglycoside antibiotic target alteration 8.260 1.1155 × 10−20 1.44 × 10−19

ARO:3000202 Cfr 23S ribosomal RNA
methyltransferase multidrug antibiotic target alteration 9.004 2.6989 × 10−26 1.2775 × 10−24

ARO:3007702 OXA-184-like
beta-lactamase

penicillin
beta-lactam antibiotic inactivation 9.090 4.1378 × 10−29 1.1751 × 10−26

ARO:3000128 APH(2”) Aminoglycoside antibiotic inactivation 9.247 3.3272 × 10−28 4.7246 × 10−26

ARO:3004178
23S rRNA with mutation
conferring resistance to
pleuromutilin antibiotics

Pleuromutilin antibiotic target alteration 10.209 1.5485 × 10−27 1.4659 × 10−25

ARO:3000225 ANT(6) Aminoglycoside antibiotic inactivation 10.649 1.1095 × 10−26 7.8778 × 10−25

* ARO Term indicates the unique identifier assigned to each resistance determinant in the Antibiotic Resistance
Ontology (ARO) database [25].
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Carcasses were characterized by a higher representation of genes associated with in-
trinsic and multidrug resistance mechanisms, including resistance–nodulation–cell division
(RND), major facilitator superfamily (MFS), and small multidrug resistance (SMR) efflux
pumps. In contrast, caeca showed a marked overrepresentation of genes associated with
specific drug resistance, such as the 23S rRNA mutations associated with pleuromutilin,
the streptothricin acetyltransferase (nucleoside), the glycopeptide resistance gene cluster
and several aminoglycoside-modifying enzymes (APH, ANT, rpsL).

Antibiotic resistance genes associated with β-lactam resistance were detected in both
caeca and carcasses but were overrepresented in carcasses. In caeca and carcasses, distinct
gene sets were identified: carcasses were characterized by a significantly higher abundance
of OXA-12-like, OXA-58-like, AmpC, and CphA genes, while OXA-184-like and CepA were
predominantly associated with caeca. It is important to highlight that CphA and OXA-58-
like genes confer resistance to carbapenems. Since carbapenems are used for treatment
of severe or multidrug-resistant bacterial human infections when other antibiotics are no
longer effective, the identification of genes coding resistance to carbapenem in carcasses
is of particular concern. Figure 7 displays the stacked bar plots showing the summative
abundance of AMR genes, expressed as normalized abundance, that contributed to the
resistance to the specific drug classes.

 

3 

 
Figure 7. Stacked bar plot of antimicrobial resistance abundance (FPKM) per drug class (colors)
per sample.

The RGI analysis revealed significant differences in the abundance of antibiotic resis-
tance genes (ARGs) between caeca and carcasses (Figure 7 and Table 3). The comparative
analysis showed several resistance classes that were significantly more abundant in car-
casses compared to caeca (negative log2 fold change), including fluoroquinolone, glycyl-
cycline, β-lactam, phosphonic acid, aminocoumarin, nucleoside, and rifamycin resistance
genes, all showing highly significant p-values (p < 0.001). Among these, fluoroquinolone
and β-lactam resistance genes displayed the strongest enrichment in carcasses, with log2
fold changes of −4.24 and −3.01, respectively. Conversely, several drug resistances were
significantly enriched in caeca (positive log2 fold change values). Notably, resistance genes
associated with pleuromutilins (log2FC = 3.65), streptogramins (log2FC = 3.50), mupirocin-
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like antibiotics (log2FC = 3.97), and bicyclomycin-like antibiotics (log2FC = 4.06) were
strongly enriched in caeca contents. Additional significant enrichments were observed for
macrolides, lincosamides, glycopeptides, oxazolidinones, and elfamycins (all p < 0.001).
Phenicol and aminoglycoside resistance genes were significantly different between caeca
and carcasses but exhibited small effect sizes (|log2FC| < 1). In contrast, nitrofuran,
isoniazid-like, and diaminopyrimidine resistance classes did not display statistically sig-
nificant differences between caeca and carcasses. Overall, these results indicate a distinct
distribution of antibiotic resistance gene profiles between caeca and carcasses, highlighting
sample-type–specific enrichment patterns for multiple clinically relevant antibiotic classes.

Table 3. Antibiotic molecules or classes showing mean abundance values in caecum and carcass
samples. Log2FC represents the magnitude of the difference between sample sources; negative
and positive values indicate higher abundance in carcasses and caeca, respectively. p-values were
calculated using the Wilcoxon rank-sum test and adjusted for multiple comparisons using the
Benjamini–Hochberg false discovery rate (FDR) correction.

Antibiotic Resistance Mean in Caeca Mean in Carcasses Log2FC p-Value FDR

Fluoroquinolone 31,726.88 404,558.81 −4.237 2.68 × 10−25 1.50 × 10−24

β-Lactam * 42,018.85 259,028.77 −3.012 1.54 × 10−19 4.17 × 10−19

Glycylcycline 6615.54 46,447.04 −2.978 6.90 × 10−14 1.69 × 10−13

Phosphonic acid 3373.00 19,188.06 −2.624 7.72 × 10−14 1.74 × 10−13

Nucleoside 11,050.11 74,030.71 −2.522 2.04 × 10−21 6.11 × 10−21

Aminocoumarin 2679.47 15,942.39 −2.417 1.11 × 10−13 2.32 × 10−13

Rifamycin 9764.72 51,240.72 −1.937 2.65 × 10−13 5.11 × 10−13

Phenicol 40,199.72 69,998.54 −0.585 2.79 × 10−10 4.43 × 10−10

Aminoglycoside 203,103.67 378,796.66 −0.583 0.000452 0.000581
Nitroimidazole 455.56 1655.72 −0.067 0.000102 0.000138
Nitrofuran 371.62 1699.54 0.345 0.152811 0.15869
Sulfonamide 1236.78 4706.24 0.382 0.001586 0.001946
Tetracycline 93,967.92 82,817.35 0.512 0.014556 0.017088
Isoniazid-like 385.13 1403.94 0.798 0.067584 0.072990
Diaminopyrimidine 813.96 1658.91 1.633 0.382979 0.382979

Macrolide 162,991.57 81,893.09 1.283 2.79 × 10−25 1.50 × 10−24

Lincosamide 100,520.12 44,646.39 1.471 6.30 × 10−25 2.58 × 10−24

Elfamycin 14,781.72 10,151.69 1.650 9.83 × 10−5 0.000138
Glycopeptide 31,051.17 12,229.97 1.743 7.65 × 10−25 2.58 × 10−24

Oxazolidinone 29,164.73 10,399.70 1.906 3.46 × 10−26 6.16 × 10−25

Pyrazine 78.07 88.32 2.629 2.93 × 10−6 4.39 × 10−6

Fusidane 526.58 685.80 2.722 0.049592 0.055791
Streptogramin 58,309.53 10,274.17 3.498 1.55 × 10−25 1.39 × 10−24

Pleuromutilin 32,141.03 4427.93 3.648 4.56 × 10−26 6.16 × 10−25

Mupirocin-like 154.11 60.09 3.965 3.37 × 10−11 5.69 × 10−11

Bicyclomycin-like 1207.81 0.00 4.064 9.67 × 10−12 1.74 × 10−11

* β-Lactam refers to the sum of the abundance of cephalosporin, cephamycin, penam, carbapenem, penem and
monobactam.

4. Discussion
In the present study, we expanded a previous investigation to assess to what extent

the microbiome and, specifically, the resistome of broiler caeca differ from those of corre-
sponding carcasses, testing four antibiotic-free poultry flocks, sampled before and after the
COVID-19 pandemic. The tested poultry flocks were reared in the same poultry houses
during the different sampling periods and were slaughtered in the same facility.

The marked β-diversity separation between caeca and carcass microbiomes confirmed
that the slaughtering process profoundly affects the carcass microbiome. Caeca were
dominated by Bacillota and Bacteroidota, a composition consistent with the well-established
structure of the chicken gut microbiome, typically enriched in strict anaerobes [26]. The high
alpha diversity and compositional homogeneity observed in the caeca reflect the ecological
stability of the chicken gut, where moderated fluctuation in the F/B ratio was observed.
This ratio has been proposed as an indicator of the gastrointestinal function efficiency and
microbial eubiosis [27]. However, numerous studies, especially in mammalian models,
have pointed out that the F/B ratio alone is a limited biomarker, as similar compositional
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profiles can be observed across a wide range of host health conditions. Therefore, relative
changes in Firmicutes or Bacteroidetes abundances must be interpreted in the context of
other microbiota features and host physiology [28].

Carcasses were characterized by a predominance of Pseudomonadota, suggesting
a strong environmental impact during the transport and slaughtering steps that favor
aerotolerant and psychrotrophic taxa [29]. The enrichment of genera such as Psychrobacter,
Aeromonas, and Rothia confirms that the carcass microbiome is shaped not only by possible
cross-contaminations with the intestinal contents during evisceration but primarily by
environmental contamination in the processing line, coming from water, surfaces, aerosols,
and even workers. This finding aligns with previous evidence indicating that the transport
and slaughtering processes may act as ecological mixing chambers, facilitating cross-
contamination events and microbial redistribution [30].

The temporal shift observed between T1 (pre–COVID-19) and T2 (post–COVID-19), in
both caeca and carcass microbiomes, suggests that changes in farm management, biosecu-
rity reinforcement, alterations in workforce organization, sanitation practices, or supply
chain disruptions, during and after the pandemic, could have indirectly shaped microbial
ecology at both poultry house and processing levels [31].

The functional profiling revealed relevant metabolic differences between the tested
matrices. The caeca microbiome was enriched in pathways related to central carbon
metabolism and amino and nucleotide acid biosynthesis, indicating an actively proliferating
and metabolically robust microbial community. These functions are coherent with the
nutrient-rich, anaerobic intestinal environment, where microbial fermentation supports
rapid biomass turnover. Conversely, carcass-associated microbiomes were enriched in
function genes associated with pathways involved in glycogen degradation, fatty acid
β-oxidation, pentose phosphate pathway activity, and alternative energy metabolism. Such
metabolic signatures are consistent with bacteria adapting to nutritionally limited and
oxidative environments, prioritizing maintenance and stress resistance over rapid growth.
This functional shift reinforces the ecological interpretation that carcasses represent a
selective environment favoring stress-tolerant and metabolically flexible taxa [32].

The functional profiles identified in the caeca contents and carcasses are consistent
with their taxonomic compositions. In the caeca, the high abundance of Bacillota and Bac-
teroidota, including genera such as Faecalibacterium, Bacteroides and Alistipes, is associated
with active carbohydrate fermentation and biosynthetic metabolism. The listed phyla and
genera are well known for their ability to degrade complex substrates and sustain high rates
of bacterial growth [33,34]. Therefore, their presence aligns with the observed enrichment
of pathways involved in amino acid biosynthesis, nucleotide production, glycolysis, and
gluconeogenesis observed in the caeca. In contrast, the phylum Pseudomonadota and the
genera Pseudomonas, Aeromonas, Acinetobacter and Psychrobacter were primarily identified
on carcasses. These genera are commonly associated with environmental persistence and
metabolic versatility under nutrient-limited conditions [35,36]. Therefore, the carcass tax-
onomic composition is consistent with the functional enrichment of pathways related to
energy extraction and cellular maintenance, including fatty acid β-oxidation, glycogen
degradation, and the pentose phosphate pathway. Overall, these findings indicate that the
functional differences detected between caeca and carcass microbiomes are consistent with
their different taxonomic structures, reflecting a shift from a highly proliferating microbial
community in the caeca to a more stress-adapted microbiome on carcasses.

One of the most relevant findings of this study is the significantly higher cumulative
AMR gene abundance detected in carcasses compared to caeca. This observation indi-
cates that post-harvest stages can override the beneficial impact of antibiotic-free rearing
conditions on the carcass resistome, confirming and extending our previous findings [20].
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Focusing on carcass samples, a significantly lower AMR load was observed on carcasses
originating from poultry house ZR compared to CM at both sampling time points. To
explain this observation, the first hypothesis is that, in both sampling times, flocks from
poultry house CM were slaughtered in the afternoon, whereas those from poultry house
ZR were processed in the morning. As a result, the latter may have been exposed to lower
levels of cross-contamination due to cleaner environmental conditions at the beginning
of the working day. Notably, the slaughterhouse was the same for both broiler flocks at
both sampling times, and slaughtering occurred approximately four days apart for the
two flocks. The second hypothesis might be related to the distance between the poultry
house and the slaughtering facility. The poultry house ZR was much closer than CM to
the slaughterhouse (approximately 43 vs. 99 km), and a shorter transport time might have
limited the fecal shedding of microorganisms, including AMR microorganisms, between
animals in the truck [19]. The contamination occurring during transport may not have
been fully eliminated during the slaughtering process, thereby contributing to the observed
differences between AMR in carcasses originating in the different poultry houses.

While caeca showed enrichment of resistance determinants typically associated with
Gram-positive anaerobic gut commensals (e.g., pleuromutilin, streptogramin, glycopeptide,
and certain aminoglycoside resistance genes), carcasses were characterized by a predom-
inance of multidrug efflux systems (RND, MFS, SMR) and clinically relevant β-lactam
resistance genes. Efflux pump overrepresentation suggests selection for intrinsic and broad-
spectrum resistance mechanisms, which are commonly associated with environmental
and opportunistic Gram-negative bacteria [37]. The presence of such genetic determinants
indicated several antimicrobial classes that were significantly more abundant in carcasses
than in caecal samples, namely fluoroquinolones, β-lactams, glycylcyclines, phosphonic
acids, nucleosides and aminocoumarins. The strong enrichment of fluoroquinolone and
β-lactam resistance genes in carcasses further supports the hypothesis that processing envi-
ronments select for bacteria exposed to antimicrobial pressures, possibly originating from
water systems or persistent biofilms. In contrast, antimicrobial classes enriched in caeca
appeared to be more reflective of the intrinsic resistome of the commensal gut microbiome.

Fluoroquinolones are broad-spectrum bactericidal antibiotics classified by the World
Health Organization as the highest priority critically important antimicrobials for human
medicine due to their essential role in the treatment of severe bacterial infections and
the limited availability of therapeutic alternatives [38]. The higher abundance of fluoro-
quinolone resistance genes detected on carcasses is consistent with the most recent EFSA
and ECDC EU Summary Report on AMR in zoonotic and indicator bacteria from humans,
animals and food in 2022–2023. In the document, the frequent detection of fluoroquinolone-
resistant bacteria in poultry meat is reported, highlighting the potential contribution of
slaughter and processing environments to the dissemination of resistance [39].

In the present study, we detected the presence of carbapenem-associated genes, such
as OXA-58-like and CphA, in carcasses. However, the isolation of carbapenem-resistant mi-
croorganisms was not performed. Carbapenems are considered last-resort antimicrobials in
human medicine and are included in the WHO List of Medically Important Antimicrobials
within the group “authorized for use in humans only”, which comprises agents consid-
ered of highest priority due to their critical role in the treatment of multidrug-resistant
infections [38]. The detection of genes conferring resistance to carbapenem in poultry
carcasses underscores the importance of the slaughterhouse settings for the dissemination
of AMR. In a recent opinion, EFSA drew attention to the bacteria primarily involved in
carbapenem resistance, namely carbapenemase-producing Enterobacterales (CPE), empha-
sizing the need to expand monitoring to food and environmental matrices not currently
included in official surveillance programs. These include fish and aquaculture products,
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foods of non-animal origin, food production environments, animal feed and emerging
food categories, such as edible insects. EFSA also recommends extending surveillance to a
broader range of bacterial species, beyond traditional indicators, with particular attention
to Enterobacteriales commonly associated with human infections, while also considering
environmental and aquatic species [40].

In our study, due to the high sensitivity of the shotgun metagenomic approach and
the complexity of the chicken microbiome, it was possible to detect two carbapenem-
hydrolyzing enzymes, CphA and OXA-58, associated with specific bacterial groups. These
two genes are discussed in the EFSA Opinion [40], although they are not classified among
those of the highest clinical relevance. In fact, they are not typical of Enterobacterales, are
usually detected at low abundance, may belong to environmental or opportunistic bacteria,
and do not automatically imply clinically expressed resistance. Specifically, CphA belongs
to Ambler class B, as it is a metallo-β-lactamase. Although it is a true carbapenemase,
capable of directly hydrolyzing carbapenems using zinc as a cofactor, it is not specifically
addressed as a target in the EFSA Opinion, as it is not considered an epidemiological
driver of carbapenemase-producing Enterobacterales (CPE) dissemination. In particular,
CphA is primarily associated with Aeromonas spp. [39], and OXA-58 is a class D (OXA-type)
carbapenemase, frequently reported on plasmids and strongly associated with Acinetobacter
spp. It is mainly relevant in clinical and hospital settings, rather than representing a major
driver of CPE dissemination along the food chain [40].

This study presents several limitations. First, in the selected poultry houses, all
investigated flocks ended up being raised without antimicrobials; therefore, a true control
group was lacking. The only control group available was that of the pilot study. Second,
sample and metadata collection during transport and slaughtering were not possible due
to restrictions linked to SARS-CoV-2 and avian influenza outbreaks occurring during
the study trial. This limitation hindered our ability to assess the relative contribution of
these individual stages to the dissemination of AMR on carcasses. Third, although the
distance between each poultry house and the slaughtering facility is reported, any event
or condition occurring during transport remains unknown. Fourth, we were unable to
retrieve information on the use of disinfectants and biocides at the slaughterhouse. The
use of these molecules may select for efflux pumps and contribute to multidrug resistance,
as well as to co-selection of antibiotic resistance. The impact of different decontamination
strategies implemented at the slaughterhouse on poultry meat AMR should be deeply
investigated. Fifth, only one slaughterhouse was included both in the present and in
the pilot study, which may limit the representativeness of the results. As a follow-up to
this study, a further trial will be organized, involving at least three commercial poultry
companies. This will enable the inclusion of both conventional and antibiotic-free flocks
and provide the opportunity to perform samplings during many transport scenarios and in
different slaughterhouses.

Beyond these limitations, the findings of this study indicate that reducing AMR in
poultry meat extends beyond farm-level interventions. The benefits of the strategies aimed
at reducing AMR at the farm level seem to be compromised during the post-harvest stages.
Our results showcase to policy makers that reducing consumer exposure to AMR risk can
only be achieved through a true implementation of the One Health Action Plan, which
calls for coordinated and multisectoral efforts to mitigate AMR across the entire food
systems. For the One Health Action Plan to be effectively implemented and to generate
a tangible impact, specific measures should be designed to promote the engagement of
poultry companies, willing to share relevant metadata, in research trials.

Author Contributions: V.I.: Writing—original draft, Investigation, Methodology, Data curation,
Formal analysis. Y.T.M.: Investigation, Writing—review and editing. C.O.: Investigation. S.R.:

https://doi.org/10.3390/foods15081440

https://doi.org/10.3390/foods15081440


Foods 2026, 15, 1440 16 of 18

Writing—original draft, Data curation. M.C.: Writing—review and editing, Funding acquisition.
A.S. (Alessandro Seguino): Writing—review and editing. A.S. (Andrea Serraino): Writing—review
and editing. A.D.C.: Writing—original draft, Conceptualization, Methodology, Resources, Funding
acquisition, Project administration. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was carried out in the context of the “Controlling Microbiomes Circulations for
Better Food Systems” (CIRCLES) project, which was funded by the European Union’s Horizon 2020
research and innovation program under grant agreement no. 818290.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All shotgun metagenome sequencing data generated and analyzed in
this study are available from the corresponding author upon request (valentina.indio2@unibo.it).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AMR Antimicrobial Resistance
EU European Union
EFSA European Food Safety Authority
DNA Deoxyribonucleic Acid
RGI Resistance Gene Identifier
CARD Comprehensive Antibiotic Resistance Database
ARO Antibiotic Resistance Ontology
CPM Counts Per Million

References
1. Merk, H.; Diaz Högberg, L.; Plachouras, D.; Suetens, C.; Monet, D.L. Assessing the Health Burden of Infections with Antibiotic-Resistant

Bacteria in the EU/EEA, 2016–2020; ECDC: Stockholm, Sweden, 2022; ISBN 9789294985910.
2. World Health Organization; Food and Agriculture Organization of the United Nations Environment Programme; World

Organisation for Animal Health. A One Health Priority Research Agenda for Antimicrobial Resistance; World Health Organization:
Geneva, Geneva, 2023.

3. Lyimo, B.; Sonola, V. Antimicrobial Resistance Gene Distribution and Population Structure of Escherichia coli Isolated from
Humans, Livestock, and the Environment: Insights from a One Health Approach 2025. medRxiv 2025. [CrossRef]

4. Velazquez-Meza, M.E.; Galarde-López, M.; Carrillo-Quiróz, B.; Alpuche-Aranda, C.M. Antimicrobial Resistance: One Health
Approach. Vet. World 2022, 15, 743–749. [CrossRef] [PubMed]

5. Mekonnen, Y.T.; Savini, F.; Indio, V.; Seguino, A.; Giacometti, F.; Serraino, A.; Candela, M.; De Cesare, A. Systematic Review
on Microbiome-Related Nutritional Interventions Interfering with the Colonization of Foodborne Pathogens in Broiler Gut to
Prevent Contamination of Poultry Meat. Poult. Sci. 2024, 103, 103607. [CrossRef] [PubMed]

6. De Cesare, A.; Caselli, E.; Lucchi, A.; Sala, C.; Parisi, A.; Manfreda, G.; Mazzacane, S. Impact of a Probiotic-Based Cleaning
Product on the Microbiological Profile of Broiler Litters and Chicken Caeca Microbiota. Poult. Sci. 2019, 98, 3602–3610. [CrossRef]

7. Caselli, E.; D’Accolti, M.; Vandini, A.; Lanzoni, L.; Camerada, M.T.; Coccagna, M.; Branchini, A.; Antonioli, P.; Balboni, P.G.; Di
Luca, D.; et al. Impact of a Probiotic-Based Cleaning Intervention on the Microbiota Ecosystem of the Hospital Surfaces: Focus on
the Resistome Remodulation. PLoS ONE 2016, 11, e0148857. [CrossRef]

8. Tang, K.L.; Caffrey, N.P.; Nóbrega, D.B.; Cork, S.C.; Ronksley, P.E.; Barkema, H.W.; Polachek, A.J.; Ganshorn, H.; Sharma, N.;
Kellner, J.D.; et al. Restricting the Use of Antibiotics in Food-Producing Animals and Its Associations with Antibiotic Resistance
in Food-Producing Animals and Human Beings: A Systematic Review and Meta-Analysis. Lancet Planet. Health 2017, 1, e316–e327.
[CrossRef]

9. Regulation (EU) No 1831/2003 of the European Parliament and of the Council of 22 September 2003 on Additives for Use in
Animal Nutrition. O.J. L 268. 2003, p. 29. Available online: https://eur-lex.europa.eu/eli/reg/2003/1831/oj (accessed on 13
April 2026).

https://doi.org/10.3390/foods15081440

https://doi.org/10.1101/2025.04.07.25325408
https://doi.org/10.14202/vetworld.2022.743-749
https://www.ncbi.nlm.nih.gov/pubmed/35497962
https://doi.org/10.1016/j.psj.2024.103607
https://www.ncbi.nlm.nih.gov/pubmed/38493536
https://doi.org/10.3382/ps/pez148
https://doi.org/10.1371/journal.pone.0148857
https://doi.org/10.1016/S2542-5196(17)30141-9
https://eur-lex.europa.eu/eli/reg/2003/1831/oj
https://doi.org/10.3390/foods15081440


Foods 2026, 15, 1440 17 of 18

10. Regulation (EU) 2019/6 of the European Parliament and of the Council of 11 December 2018 on Veterinary Medicinal Products
and Repealing Directive 2001/82/EC. O.J. L 4. 2019, pp. 43–167. Available online: https://eur-lex.europa.eu/eli/reg/2019/6/oj
(accessed on 13 April 2026).

11. Regulation (EU) 2019/4 of the European Parliament and of the Council of 11 December 2018 on the Manufacture, Plac-
ing on the Market and Use of Medicated Feed, Amending Regulation (EC) No 183/2005 of the European Parliament and
of the Council and Repealing Council Directive 90/167/EEC. OJ L 4, 7.1. 2019, pp. 1–23. Available online: https://eur-
lex.europa.eu/eli/reg/2019/4/oj (accessed on 13 April 2026).

12. Koutsoumanis, K.; Allende, A.; Álvarez-Ordóñez, A.; Bolton, D.; Bover-Cid, S.; Chemaly, M.; Davies, R.; De Cesare, A.; Herman,
L.; Hilbert, F.; et al. Role Played by the Environment in the Emergence and Spread of Antimicrobial Resistance (AMR) through
the Food Chain. EFSA J. 2021, 19, e06651. [CrossRef]

13. Pacholewicz, E.; Swart, A.; Schipper, M.; Gortemaker, B.G.M.; Wagenaar, J.A.; Havelaar, A.H.; Lipman, L.J.A. A Comparison
of Fluctuations of Campylobacter and Escherichia Coli Concentrations on Broiler Chicken Carcasses during Processing in Two
Slaughterhouses. Int. J. Food Microbiol. 2015, 205, 119–127. [CrossRef]

14. Van Gompel, L.; Luiken, R.E.C.; Hansen, R.B.; Munk, P.; Bouwknegt, M.; Heres, L.; Greve, G.D.; Scherpenisse, P.; Jongerius-
Gortemaker, B.G.M.; Tersteeg-Zijderveld, M.H.G.; et al. Description and Determinants of the Faecal Resistome and Microbiome
of Farmers and Slaughterhouse Workers: A Metagenome-Wide Cross-Sectional Study. Environ. Int. 2020, 143, 105939. [CrossRef]

15. Wu, S.; Dalsgaard, A.; Vieira, A.R.; Emborg, H.-D.; Jensen, L.B. Prevalence of Tetracycline Resistance and Genotypic Analysis of
Populations of Escherichia Coli from Animals, Carcasses and Cuts Processed at a Pig Slaughterhouse. Int. J. Food Microbiol. 2009,
135, 254–259. [CrossRef]

16. Gomes-Neves, E.; Antunes, P.; Tavares, A.; Themudo, P.; Cardoso, M.F.; Gärtner, F.; Costa, J.M.; Peixe, L. Salmonella Cross-
Contamination in Swine Abattoirs in Portugal: Carcasses, Meat and Meat Handlers. Int. J. Food Microbiol. 2012, 157, 82–87.
[CrossRef] [PubMed]

17. Van Gompel, L.; Dohmen, W.; Luiken, R.E.C.; Bouwknegt, M.; Heres, L.; van Heijnsbergen, E.; Jongerius-Gortemaker, B.G.M.;
Scherpenisse, P.; Greve, G.D.; Tersteeg-Zijderveld, M.H.G.; et al. Occupational Exposure and Carriage of Antimicrobial Resistance
Genes (TetW, ErmB) in Pig Slaughterhouse Workers. Ann. Work. Expo. Health 2020, 64, 125–137. [CrossRef] [PubMed]

18. Campos Calero, G.; Caballero Gómez, N.; Benomar, N.; Pérez Montoro, B.; Knapp, C.W.; Gálvez, A.; Abriouel, H. Deciphering
Resistome and Virulome Diversity in a Porcine Slaughterhouse and Pork Products Through Its Production Chain. Front. Microbiol.
2018, 9, 2099. [CrossRef] [PubMed]

19. Koutsoumanis, K.; Allende, A.; Álvarez-Ordóñez, A.; Bolton, D.; Bover-Cid, S.; Chemaly, M.; Davies, R.; De Cesare, A.; Herman,
L.; Hilbert, F.; et al. Transmission of Antimicrobial Resistance (AMR) during Animal Transport. EFSA J. 2022, 20, e07586.
[CrossRef]

20. De Cesare, A.; Oliveri, C.; Lucchi, A.; Savini, F.; Manfreda, G.; Sala, C. Pilot Study on Poultry Meat from Antibiotic Free and
Conventional Farms: Can Metagenomics Detect Any Difference? Foods 2022, 11, 249. [CrossRef]

21. De Cesare, A.; Sala, C.; Castellani, G.; Astolfi, A.; Indio, V.; Giardini, A.; Manfreda, G. Effect of Lactobacillus acidophilus D2/CSL
(CECT 4529) Supplementation in Drinking Water on Chicken Crop and Caeca Microbiome. PLoS ONE 2020, 15, e0228338.
[CrossRef]

22. De Cesare, A.; Parisi, A.; Lucchi, A.; Capozzi, L.; Bianco, A.; Pasquali, F.; Manfreda, G. Microbiota Analysis and Microbiological
Hazard Assessment in Poultry Carcasses from Conventional and Antibiotic Free Farms. Ital. J. Food Saf. 2019, 7, 7706. [CrossRef]

23. Menzel, P.; Ng, K.L.; Krogh, A. Fast and Sensitive Taxonomic Classification for Metagenomics with Kaiju. Nat. Commun. 2016, 7,
11257. [CrossRef]

24. Beghini, F.; McIver, L.J.; Blanco-Míguez, A.; Dubois, L.; Asnicar, F.; Maharjan, S.; Mailyan, A.; Manghi, P.; Scholz, M.; Thomas,
A.M.; et al. Integrating Taxonomic, Functional, and Strain-Level Profiling of Diverse Microbial Communities with BioBakery 3.
eLife 2021, 10, e65088. [CrossRef]

25. Alcock, B.P.; Huynh, W.; Chalil, R.; Smith, K.W.; Raphenya, A.R.; Wlodarski, M.A.; Edalatmand, A.; Petkau, A.; Syed, S.A.; Tsang,
K.K.; et al. CARD 2023: Expanded Curation, Support for Machine Learning, and Resistome Prediction at the Comprehensive
Antibiotic Resistance Database. Nucleic Acids Res. 2023, 51, D690–D699. [CrossRef]

26. Rychlik, I. Composition and Function of Chicken Gut Microbiota. Animals 2020, 10, 103. [CrossRef]
27. Yang, Z.; Zhang, C.; Wang, J.; Celi, P.; Ding, X.; Bai, S.; Zeng, Q.; Mao, X.; Zhuo, Y.; Xu, S.; et al. Characterization of the Intestinal

Microbiota of Broiler Breeders With Different Egg Laying Rate. Front. Vet. Sci. 2020, 7, 599337. [CrossRef]
28. Magne, F.; Gotteland, M.; Gauthier, L.; Zazueta, A.; Pesoa, S.; Navarrete, P.; Balamurugan, R. The Firmicutes/Bacteroidetes Ratio:

A Relevant Marker of Gut Dysbiosis in Obese Patients? Nutrients 2020, 12, 1474. [CrossRef]
29. Samapundo, S.; de Baenst, I.; Aerts, M.; Cnockaert, M.; Devlieghere, F.; Van Damme, P. Tracking the Sources of Psychrotrophic

Bacteria Contaminating Chicken Cuts during Processing. Food Microbiol. 2019, 81, 40–50. [CrossRef] [PubMed]

https://doi.org/10.3390/foods15081440

https://eur-lex.europa.eu/eli/reg/2019/6/oj
https://eur-lex.europa.eu/eli/reg/2019/4/oj
https://eur-lex.europa.eu/eli/reg/2019/4/oj
https://doi.org/10.2903/j.efsa.2021.6651
https://doi.org/10.1016/j.ijfoodmicro.2015.04.006
https://doi.org/10.1016/j.envint.2020.105939
https://doi.org/10.1016/j.ijfoodmicro.2009.07.027
https://doi.org/10.1016/j.ijfoodmicro.2012.04.015
https://www.ncbi.nlm.nih.gov/pubmed/22607810
https://doi.org/10.1093/annweh/wxz098
https://www.ncbi.nlm.nih.gov/pubmed/31883001
https://doi.org/10.3389/fmicb.2018.02099
https://www.ncbi.nlm.nih.gov/pubmed/30258416
https://doi.org/10.2903/j.efsa.2022.7586
https://doi.org/10.3390/foods11030249
https://doi.org/10.1371/journal.pone.0228338
https://doi.org/10.4081/ijfs.2018.7706
https://doi.org/10.1038/ncomms11257
https://doi.org/10.7554/eLife.65088
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.3390/ani10010103
https://doi.org/10.3389/fvets.2020.599337
https://doi.org/10.3390/nu12051474
https://doi.org/10.1016/j.fm.2018.06.003
https://www.ncbi.nlm.nih.gov/pubmed/30910087
https://doi.org/10.3390/foods15081440


Foods 2026, 15, 1440 18 of 18

30. Oakley, B.B.; Morales, C.A.; Line, J.; Berrang, M.E.; Meinersmann, R.J.; Tillman, G.E.; Wise, M.G.; Siragusa, G.R.; Hiett, K.L.; Seal,
B.S. The Poultry-Associated Microbiome: Network Analysis and Farm-to-Fork Characterizations. PLoS ONE 2013, 8, e57190.
[CrossRef] [PubMed]

31. Singh Malik, Y.; Ikram Ansari, M.; Gharieb, R.; Ghosh, S.; Kumar Chaudhary, R.; Hemida, M.G.; Torabian, D.; Rahmani, F.;
Ahmadi, H.; Hajipour, P.; et al. The Impact of COVID-19 Pandemic on Agricultural, Livestock, Poultry and Fish Sectors:
COVID-19 Impact on Agriculture, Livestock, Poultry and Fish Sectors. Vet. Med. Int. 2024, 2024, 5540056. [CrossRef] [PubMed]

32. Capozzi, V.; Fiocco, D.; Amodio, M.L.; Gallone, A.; Spano, G. Bacterial Stressors in Minimally Processed Food. Int. J. Mol. Sci.
2009, 10, 3076–3105. [CrossRef]

33. Polansky, O.; Sekelova, Z.; Faldynova, M.; Sebkova, A.; Sisak, F.; Rychlik, I. Important Metabolic Pathways and Biological
Processes Expressed by Chicken Cecal Microbiota. Appl. Environ. Microbiol. 2016, 82, 1569–1576. [CrossRef]

34. Xu, Z.S.; Ju, T.; Yang, X.; Gänzle, M. A Meta-Analysis of Bacterial Communities in Food Processing Facilities: Driving Forces for
Assembly of Core and Accessory Microbiomes across Different Food Commodities. Microorganisms 2023, 11, 1575. [CrossRef]

35. Nikaido, H.; Pagès, J.-M. Broad-Specificity Efflux Pumps and Their Role in Multidrug Resistance of Gram-Negative Bacteria.
FEMS Microbiol. Rev. 2012, 36, 340–363. [CrossRef]

36. Volkov, S. WHO List of Medically Important Antimicrobials A Risk Management Tool for Mitigating Antimicrobial Resistance Due to
Non-Human Use; WHO: Geneva, Switzerland, 2024; ISBN 9789240084612.

37. European Food Safety Authority; European Centre for Disease Prevention and Control. The European Union Summary Report
on Antimicrobial Resistance in Zoonotic and Indicator Bacteria from Humans, Animals and Food in 2022–2023. EFSA J. 2025, 23,
e9237. [CrossRef]

38. Allende, A.; Álvarez-Ordóñez, A.; Bortolaia, V.; Bover-Cid, S.; De Cesare, A.; Dohmen, W.; Guillier, L.; Herman, L.; Jacxsens, L.;
Mughini-Gras, L.; et al. Occurrence and Spread of Carbapenemase-producing Enterobacterales (CPE) in the Food Chain in the
EU/EFTA. Part 1: 2025 Update. EFSA J. 2025, 23, e9336. [CrossRef]

39. Massidda, O.; Rossolini, G.M.; Satta, G. The Aeromonas Hydrophila CphA Gene: Molecular Heterogeneity among Class B
Metallo-Beta-Lactamases. J. Bacteriol. 1991, 173, 4611–4617. [CrossRef]

40. Evans, B.A.; Amyes, S.G.B. OXA β-Lactamases. Clin. Microbiol. Rev. 2014, 27, 241–263. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/foods15081440

https://doi.org/10.1371/journal.pone.0057190
https://www.ncbi.nlm.nih.gov/pubmed/23468931
https://doi.org/10.1155/2024/5540056
https://www.ncbi.nlm.nih.gov/pubmed/39502929
https://doi.org/10.3390/ijms10073076
https://doi.org/10.1128/AEM.03473-15
https://doi.org/10.3390/microorganisms11061575
https://doi.org/10.1111/j.1574-6976.2011.00290.x
https://doi.org/10.2903/j.efsa.2025.9237
https://doi.org/10.2903/j.efsa.2025.9336
https://doi.org/10.1128/jb.173.15.4611-4617.1991
https://doi.org/10.1128/CMR.00117-13
https://doi.org/10.3390/foods15081440

	Introduction 
	Materials and Methods 
	Experimental Design 
	DNA Extraction and Sequencing 
	Bioinformatic and Biostatistics Analysis 

	Results 
	Taxonomic Profile 
	Functional Profile 
	Resistome Profile 

	Discussion 
	References

