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Abstract

Slaughtered meat has been identified as one of the major vehicles for forming antimicrobial resistance (AMR). It is
still believed that AMR pathogens introduced by overusing antimicrobials in the breeding industry are directly brought
in from farm animals. This disregards however the fact that many gut pathogens do not settle on muscle parts; the
presence of gut pathogens on muscle products does not directly correlate to farm feeding. To investigate whether the
source of AMR bacteria on slaughtered meat was cross-contamination or self-contamination, many peer-reviewed
publications were studied to assess if the observational studies focused on AMR pathogenic bacteria association
between farms and slaughterhouses or the contamination on the slaughter line. Using PubMed, 1919 publications on
AMR bacteria in farms and slaughterhouses were collected. The 1650 papers were assembled (269 of them being
repeated). From these, 92 were included in the study: 29 surveillance studies reported that AMR bacteria in slaughtered
products were related to farm sources; 63 papers reported cross-contamination in the slaughter process at a significant
level. Several crucial points were highlighted, including 1) the scalding, de-feathering and evisceration in the broiler
slaughter line; 2) residential flora, evisceration, inappropriate meat inspection, conveyor belts, splitting, equipment in
the boning hall, holding, chilling, and lairage contamination in the pig slaughter line. In this study, AMR bacteria of
the two sources were genetically related. However, the majority of cases still resulted from cross-contamination (29%
to 98.48%). This means that major sources of gut AMR bacteria on slaughtered meat were cross contaminated during
the slaughter process.
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Introduction

Global health is at risk from antimicrobial
resistance (AMR). AMR can lead to the failure of
infectious disease treatment, to the extended duration
of therapy, and to a higher rate of infection mortality
(WHO, 2022a). On the other hand, unsanitary food is
responsible for over 600 million food-borne illnesses
and 420,000 deaths a year in the world (WHO, 2022b),
and is widely recognized as the path to AMR
transmission, threatening public health (Verraes et al.,
2013).

Foodborne pathogenic bacteria are regarded as
significant vectors of antimicrobial resistance genes
(ARGsS) in the food chain (Huddleston, 2014), and their
virulence genes can facilitate the spread of ARGs (Li et
al., 2019). Even worse, multidrug-resistant pathogens
(MDRs) from farm animals were reported to be the
predominate source for infections in humans (Shang et
al., 2018; Kuo et al., 2014), and these ARGs could be
horizontally transmitted from animal farms (Shang et
al., 2018; Pornsukarom et al., 2017). For public health,
containing the spread of AMR bacteria (especially
MDRs) from farm to table is imperative.

There has been a great deal of work done to contain
the transmission of AMR bacteria from farms to tables.
The Hazard Analysis and Critical Control Point
(HACCP) system was established in 1996 in the United
States to provide safe meat products. From 1996 to
2000, around 190,000 cases were reduced (Williams
and Ebel, 2012). Nevertheless, there were little further
effects after the HACCP system was established
(Ollinger et al., 2017). This raises the question of why
these improvement measures cannot prevent
contamination from farm to table completely. It is
therefore necessary to determine more details related
to the AMR bacteria transmission route, in order to
improve this situation. The first question is how the gut
source AMR pathogens were spread to slaughtered
meat. The common belief among many people is that
the AMR pathogens at the dining table are generated
from the overuse of antimicrobials among farm
animals (Nogrady et al., 2008; Hoelzer et al., 2010; Ma et
al., 2017). It is ignored that there is no direct connection
between the AMR bacteria on meat and dining tables,
since gut pathogens do not normally inhabit muscle,
and many factors can cause meat to be contaminated.

The question of whether the gut settled pathogens
on slaughtered meat were directly from animal
carriage or cross-contamination during the slaughter
process is important to answer. A better understanding
of the transmission of food-borne AMR pathogens
during the slaughter process would inform
appropriate intervention strategies. To determine the
answer to this concern, a systematic review was
proposed. A collection of publications was conducted
on the association of AMR pathogenic bacteria
between farms and slaughterhouses, or contamination
of slaughter lines. The evidence supporting cross-
contamination or self-contamination was sorted and
critically analyzed, and then conclusions were
proposed.
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Methods

The publications reported on the AMR bacteria both
in farms and slaughterhouses were searched for in
PubMed. A total of 1919 peer-reviewed articles were
selected including 1817 abstracts with the words
“slaughter & farm, slaughterhouse & farm, and abattoir
& farm” in the keywords or abstract part, and 102
articles similar to our previous work (Wu et al., 2019a)
(topics on contaminations in slaughterhouses). After 269
repeated items of a total of 1919 articles were excluded,
the 1650 publications were further assessed. Articles
were excluded concerning animal welfare, meat quality,
virus foodborne diseases and parasite diseases; these
article titles and abstracts imply that this series does not
focus on the contamination of gut source AMR
pathogens and does not discuss the food chain from
farm to slaughterhouse. One hundred and thirty-two
publications were left. The following reasons led to the
exclusion of 132 publications because a sample
comparison between two sources could not be made, the
topic of the studies did not pertain to AMR pathogen
transmission and contamination during slaughter, the
studies did not provide any useful data for the present
study, and the risk factors estimated according to the
questionnaire lack direct proof. Finally, 92 cross-
sectional studies, cohort studies and longitudinal
studies reporting on the journey from farms to
slaughterhouses, and the reports on transmission, the
risk factors, and contamination during the slaughter line
were included. Our search selection procedures are
listed in Figure 1, following the review. Publications
until 8t June 2021 were included.

In order to determine whether the source of AMR
bacteria on slaughtered meat was from cross-
contamination or animal carriage, these publications
were sorted and summarized. 1) The publications
concluded that the product contaminations were self-
contaminations; 2) evidence supporting an indirect link
between bacterial isolates from slaughter products and
farms of each individual; 3) critical points that may
prevent contamination along the food chain.
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\ 1650 publications were identified |—>

Selection based on the title and abstract

Excluded:

-repeating abstracts

-not written in English, or no full text available.

-reporting on animal welfare, meat quality, foodborne
viral diseases, foodborne parasitic diseases

-reporting not on the contamination of gut source AMR
pathogens.

-reporting not on food chain from farm to slaughterhouse.

132 publications were identified I—b

92 publications were identified

Selection based on the full text

Excluded:

-the samples from two sources cannot compared.

-the theme of the researches was not related to the
slaughter procedure.

-reporting not providing any useful information for the
transmission during the slaughter procedure.

-the risk factors estimated according to the questionnaire
and math model, which are lacking the direct proofs.

Figure 1

425

Flowchart of the selection steps, after the PubMed search procedures.

Note: A total of 1650 unique articles were retrieved (269 repeated publications were removed from 1919 peer-reviewed
articles); the 132 publications were identified after the exclusion of irrelevant topics based on the abstract; the 92 publications
were identified after exclusion of irrelevant topics based on the full text.

Results

There were 92 articles included, and an overview can
be found in Table 1. There were 29 publications that
reported that AMR pathogens from slaughter products
were associated with farms; results are listed in Table 2.
There were 30 publications that illustrated the AMR
pathogens isolated from slaughtered products were
indirectly from farms. Twenty-eight of these
publications reported the critical points along the food
chain, which are listed in Table 3.

The AMR pathogens isolated from slaughter products
were associated with farms: The 29 cross-sectional
studies found an association between AMR pathogens
in farm animals and those in slaughtered products. They
concluded that the products were contaminated from
farms. However, that didn't prove that the pathogens in
slaughter products were self-contaminating. The
samples were both collected from farms and
slaughterhouses. The isolates from pigs, chickens or
others were involved (2584 from Salmonella, 890 from
Escherichia coli, 189 from Staphylococcus spp., 7372 from
Campylobacter spp., 147 from Listeria spp., 125
Enterococcus spp., and 101 Carnobacterium spp.). Data of
subtype techniques such as Pulsed-field gel
electrophoresis (PFGE) and Multi locus sequence typing
(MLST) suggested that the isolates from the two sources
had a genetic link. As a result of being the source of the
contamination, the farm is important for slaughter
production. Nonetheless, the same PFGE and Multiple
locus variable-number tandem repeat analysis (MLVA)
patterns do not indicate that the pathogens on products
are self-contaminated. The data are insufficient to prove
the contamination of slaughter products was due to
animal carriage. The details are shown in Table 2.

The AMR pathogens isolated from slaughtered products
were indirectly from farms: Despite the genetic
relationship providing evidence that the important
source of AMR pathogens came from farms, it could not

confirm that the contamination in slaughtered products
came directly from animals. This is because there is no
direct connection of the AMR bacteria between in the
muscle and in the gut. After good slaughter practices,
the gut AMR pathogen should not appear on meat
products. For instance, many pathogens such as
Salmonella (non-typhoidal) settle in the animal gut
rather than the muscles. The Salmonella (non-
typhoidal) appearance on the meat products was
possibly caused by contamination during slaughter.
The gut pathogens that are transferred to muscles
would not directly be related to animal carriage. It is
possible that the genetic association of isolates in
slaughterhouses and farms is due to cross-
contamination. In an inappropriate slaughter practice,
farm-source AMR pathogens would be transmitted
from the animal gut to the environment and slaughter
facilities. These contaminated facilities and the
environment can lead to contamination of other meat
products. The isolates from farms and slaughterhouses
could also be genetically related in this case. Despite
some reports of high potential self-contamination (Fois
et al., 2017), the same PFGE, MLVA subtype does not
show self-contamination. The explanation is presented
schematically in Figure 2.

Among 1650 publications, 30 publications explored
the relationship between bacterial isolates from farm
sources and slaughterhouses. As a result of these
studies, a considerable portion of AMR pathogens on
meat products or carcasses were indirectly related to
farm sources. Cross-contamination was a leading
source of contamination.

As a first step, the prevalence of pathogens in the
slaughterhouse was significantly higher than in the
farm, indicating that cross-contamination occurred
during the slaughter process (Wang et al., 2020). These
studies also reported an increasing prevalence (Hurd
et al.,, 2002, Kaneene, 2006, Kuana et al., 2008;
Padungtod and Rasschaert et al., 2008; Wesley et al.,
2009; Hue et al., 2010; Keelara et al., 2013; Ren et al.,
2016; Zhu, et al., 2017; Djeffal et al., 2018; Vinueza-
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Burgos, et al., 2019). In addition, the pathogen diversity
within each individual grew along with the producing
line (Kuana et al., 2008; Colles et al., 2010; Mendes et al.,
2020).

Additionally, several research reports indicate that
certain bacteria strains isolated from slaughterhouses
have not been discovered on farms. As shown by
Ainslie-Garcia's study of the Salmonella fecal shedding
at different production stages of pigs, Salmonella fecal
shedding on-farm does not correlate with Salmonella in
tissue at slaughter (Ainslie-Garcia et al., 2018). During
the study, Gerbreyes isolated and serotyped Salmonella
from farms and after slaughter, however, the
association between isolates from farms and post-
slaughter was poor (Gebreyes et al., 2004). Zbrun found
that strains of Campylobacter spp. isolated from
slaughterhouse carcasses were not found in the
previous stages of the same food chain (Zbrun et al.,
2017). Masdalena identified a genotype of Salmonella
spp. that was found in 31% of the positive carcasses of
other pigs slaughtered on the same day (Vieira-Pinto et
al., 2006). Nevijo isolated Y. enterocolitica from eight
lymph nodes of pigs, but only two pigs had that
organism present inside their lymph nodes (Zdolec et
al., 2015). Silvia isolated the Salmonella from mesenteric
lymph nodes of pigs and fecal materials at lairage; the
25 PFGE patterns among a total of 36 PFGE types were
different (Bonardi et al., 2016). Clara reported that
14.3% of Salmonella strains from carcasses were also
found in the slaughterhouse environments, but were
not found in the animals within the batches (Marin et
al., 2020). Christians isolated Salmonella from samples
collected from feeding plants, farms, and
slaughterhouses, showing that some genotypes were
found only on carcasses at the slaughterhouse
(Vinueza-Burgos et al., 2019).

For these studies, cross-contamination and self-
contamination occurred during the slaughter process.
But what are the major proportions of contamination
cases among the total AMR cases on slaughtered
products? Springer evaluated the transmission
dynamics of Shiga toxin-producing E. coli (STEC)
using PCR/MALDI-TOF and genome sequencing,
finding that there was limited opportunity to reduce
transmission on-farm, but profound effects on
transport, lairage and slaughter (Browne et al., 2021).
Abley used the most probable number method to count
the Campylobacter at four different phases (on-farm,
post-stunning and exsanguination, pre-chilling, and
final product). There is no association of the
Campylobacter concentration between any two phases.
This lack of association indicates that the
contamination of meat might be more strongly
associated with slaughter practices than with animal
carriage (Abley et al., 2012a; Bonardi et al., 2013). Other
quantified data reported that the cross-contamination
was estimated at 29% of the whole contaminated
carcasses (Botteldoorn ef al, 2003), while Duggan
found that the cross-contamination rate reached up to
69% (Duggan et al., 2010). Similar works concluded that
there is no or low association of the contamination on
the slaughtered products with the farm source (animal
carriage). Nauta's research showed that risk factors
contributed more to the contamination of pork than the
fecal source of Salmonella during slaughter (Nauta ef al.,
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2013). One survey on two slaughterhouses reported
low levels of carcass contamination corresponding to
its own pigs (25% and 4%) (Botteldoorn et al., 2004).
According to these results, the cross-contamination
percentage ranged from 29 to 96%.

These reports are consistent with our previous
work. The Salmonella cross-contamination of carcasses
from slaughterhouses in Thailand was investigated. It
was shown that only a few of the carcass
contaminations originated from the pig rectum (Wu et
al., 2019a). Contaminations occur most often indirectly
from the environment (Wu et al.,, 2019a; Wu et al.,
2019b). The cross-contamination rate at an HACCP
slaughterhouse was 60.87%, while it was 98.48% at a
non-HACCP slaughterhouse (Wu et al., 2019a).
Accordingly, good practices in slaughtering could
keep the gut pathogen from farms from entering the
food chain. Many crucial points need to be addressed
further.

The critical points of the slaughter line: Over the 1650
articles, 37 publications addressed several crucial
aspects of the slaughter process. Cross-contamination
occurs frequently in the farm, transportation, and
lairage procedure before slaughter. The critical points
of slaughter procedures in the broiler slaughter line
were scalding, de-feathering, eviscerating, washing,
and chilling. The critical points in the pig slaughter line
were scalding, polishing, eviscerating, and splitting.
The surrounding environment, such as conveyor belts,
boning halls and draining contributed to cross-
contamination, as shown in Figure 2 or Table 3.
Analyses of critical points during slaughter could
provide information on reducing cross-contamination.
However, more studies are needed to evaluate the
effectiveness of these points (Ollinger et al., 2017).

Additionally, we found that these works could
reduce contamination. In farms, the low animal
carriage could result with the product at low
contamination levels after slaughter. It was reported
that treatment taken on-farm could reduce
Campylobacter colonization in chickens (Georgiev ef al.,
2017). The improvement of biosecurity at farms would
reduce Salmonella contamination of pork (Bolton ef al.,
2013). The model concluded that good farm practices
were more important than slaughterhouse practices to
control Campylobacter contamination on chicken
carcasses (Hutchison et al., 2017). On the contrary, the
risk of contamination is very high when large
Salmonella carriers are slaughtered, even under
hygienic handling (Corbellini et al., 2016). At the
slaughterhouse level, there are several procedures that
could reduce the AMR pathogen risk for humans, such
as carcass decontamination (Hurd et al., 2008;
Hamilton ef al., 2010), chlorate treatment (Callaway et
al., 2004; Tadee et al., 2014), careful slaughter procedure
(good practices) (Oosterom et al., 1983; Tadee et al.,
2014), changing of water in the scalding tank (Tadee et
al., 2014) and water showers for animals (Giombelli et
al., 2014).
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Figure2  The cross-contamination schematic.

Discussion

Slaughtered meat is a major source of antimicrobial
resistance (AMR). However, it is generally accepted
that AMR pathogens are transmitted from farm
animals directly when antimicrobials are overused in
the breeding industry, which ignores that the presence
of gut pathogens on muscle products would not
directly correlate with farm feeding, since many gut
pathogens do not settle on muscle parts. It was the aim
of this study to determine whether AMR bacteria on
slaughtered meat were caused by cross-contamination
or self-contamination (animal carriage). To answer this
question, a systematic review was proposed based on
the database PubMed. From 1919, 92 publications were
identified on AMR bacteria in farms and
slaughterhouses. The 29 cross-sectional studies found
that the association between AMR pathogens in farm
animals and those in slaughtered products was high.
However, the same PFGE and MLVA patterns do not
indicate that the pathogens on products are self-
contaminated. The data are insufficient to prove that
slaughter products were contaminated by animal
carriage. According to the published studies, which
explored the relationship between bacterial isolates
from farm sources and slaughterhouses, a significant
portion of AMR pathogens on meat products or
carcasses was related to farm sources, indicating cross-
contamination was a major source of contamination.
Here are the important points that were highlighted: 1)
scalding, de-feathering and evisceration on the broiler
slaughter line; 2) evisceration, inappropriate meat
inspection, conveyor belts, splitting, equipment in the
boning hall, holding, chilling and lairage
contamination on the pig slaughter line. This study
might lead to systematic bias towards the assumption
that self-contamination rates are higher than they
really are because of the limitation of discernibility in
self-contamination research studies.

In summary, the AMR pathogens isolated from the
slaughterhouse were related to the isolates from farms.
The evidence listed above illustrated that a significant
proportion (from 29 to 98.48%) of AMR pathogens on
meat did not come directly from the animal carriers.
During the slaughtering process, cross-contamination
from pathogens was significant. Considering the
containment of AMR pathogen transmission within the
food chain, the slaughter stage seems to be the most
critical one, because an inappropriate practice would
lead to cross-contamination, increasing the
contamination rates. Good slaughter practices can
greatly reduce meat contamination. Despite this, the
improvement of the slaughter procedure is still not
sufficient to prevent AMR from spreading throughout
the food chain. Containment work is needed at other
stages of the food chain as well.
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