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Abstract

Purpose of Review In this article, we aim to provide an overview of the occurrence and characteristics of livestock-associated
(LA-) meticillin-resistant Staphylococcus aureus (MRSA). We further question the role of LA-MRSA as a potential foodborne
pathogen. We investigate recent findings and developments from a One Health perspective also highlighting current strategies
and initiatives aiming to improve reporting, control, and prevention of LA-MRSA.

Recent Findings While the overall number of invasive MRSA infections in humans is decreasing (in most European countries
and the USA) or steadily increasing (in the Asia-Pacific region), the role of LA-MRSA as causative agent of invasive disease and
as potential foodborne pathogen is still poorly understood. LA-MRSA prevalence in livestock remains high in many geograph-
ical regions and the acquisition of new virulence and resistance determinants constitutes a growing threat for human health.
Summary The true incidence of LA-MRSA infections due to occupational exposure is unknown. Improved MRSA monitoring
and tracking procedures are urgently needed. Strain typing is crucial to enable improved understanding of the impact of LA-
MRSA on human and animal health.
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Introduction

Livestock-associated meticillin-resistant Staphylococcus
aureus (LA-)MRSA has gained particular interest since the
first findings of LA-MRSA of clonal complex CC398/se-
quence type (ST)398 in pigs in 2005 in France [1¢] and The
Netherlands [2]. Soon thereafter, CC398 was also identified in
other animals (including dairy cattle, veal calves, poultry,
dogs, cats, and horses) and it became clear that LA-MRSA
should be considered a zoonosis [2] with people with occupa-
tional contact with livestock (e.g., farmers, veterinarians, and
workers at abattoirs) being frequently exposed and often
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colonized. Since LA-MRSA CC398 is able to cause the same
kind of infections in humans as S. aureus and MRSA in gen-
eral, severe infections in people further indicated that the an-
imal reservoir of S. aureus can have serious consequences for
human health [3, 4¢, 5, 6°°].

LA-MRSA evolved independently from common hospital-
acquired (HA) or community-associated (CA) MRSA usually
found in humans [7¢], and mainly belong to S. aureus clonal
complex CC398 and associated spa types t011, and t034 [5].
CC398 shows a broader host range compared to other MRSA
strains and has been detected in cattle, veal calves, horses,
poultry, companion animals (dogs and cats), horses, and in
humans [8]. However, also other CCs such as CC1, CC97,
CC130, and CCS5 are found in livestock around the globe [9].
CC398 remains the most commonly identified type of LA-
MRSA in most European countries. However, while MRSA
C(C398 strains have been found in livestock across the globe
[10], a different strain of LA-MRSA, CC9, appears to be the
prominent type in several Asian countries [11]. In the USA,
the diversity of LA-MRSA appears to be higher than in
Europe or Asia, with reports of both CC398 and a variety of
“human” types of S. aureus in livestock [12]. For an overview
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of the different CCs and STs of LA-MRSA detected in differ-
ent animal hosts and geographical regions, see Fig. 1.

Usually, CC398 MRSA carry resistance genes to a variety
of antimicrobial classes such as tetracycline, macrolides, or
aminoglycosides [13—15] and tend to exhibit increased levels
of multiple drug resistances compared with non-CC398
MRSA strains [16]. Further it was postulated that the presence
of the resistance determinants fetK/tetM and czrC confers a
fitness advantage [17¢¢]. The meticillin-resistant gene mecA
is found in LA-MRSA strains, but mecC, a gene variant shar-
ing 70% identity at the DNA level with mecA, has been de-
tected in ruminants, pigs, and companion animals, with in-
creasing reports from wild animals [18, 19]. MRSA-ST398
isolates usually possess a bunch of different virulence-associ-
ated factors such as hemolysins and immune-modulatory fac-
tors, but MRSA ST398 commonly lack Panton-Valentine
leukocidin (PVL) or staphylococcal enterotoxins (SE) [20],
of which a significant number is located on mobile genetic
elements, e.g. temperate phages [21]. In contrast, strains of
CC9 commonly harbor enterotoxin genes and #sz-/ encoding
the toxic shock syndrome toxin [11].

LA-MRSA can be found in foods intended for human con-
sumption. The contamination sources for foods, especially
those from animal origins such as raw meat and associated
products, may be livestock as well as humans involved in
animal husbandry and food processing. The presence of
MRSA in/on food intended for human consumption may not
necessarily define MRSA as a foodborne pathogen [22].
Moreover, foodborne outbreaks due to meticillin-resistant
strains are not expected to be more severe than those caused
by meticillin-susceptible strains as the severity of the intoxi-
cation is not directly related to the antimicrobial resistance
profile of the causative S. aureus strain [23]. Nevertheless, it
was recently proposed by the European Food Safety Authority
(EFSA) to reinforce the monitoring of MRSA in food-produc-
ing animals as well as in food [24].

In this article, we review the current situation of MRSA in
the different livestock species such as pigs, dairy cattle and
veal calves, poultry, and other (non-farm) animals. We further
address the findings of LA-MRSA in food and question,
whether LA-MRSA has to be considered a foodborne patho-
gen. Finally, we discuss all these recent findings and
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Fig. T Overview of LA MRSA CCs and STs detected in different animal hosts and geographical regions. Multilocus sequence types (STs) and
corresponding clonal complexes (CCs) for each study were identified [11, 42, 99-108]. Figure created with bioRENDER.com
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developments from a One Health perspective and present ap-
proaches to improve detection, control, and prevention of LA-
MRSA.

MRSA in Livestock

In the following section, we will summarize the most recent
findings with regard to MRSA in livestock. In doing so, we
would like to emphasize that the prevalence data presented for
the various animal species may not necessarily be comparable
with each other due to differing sampling and isolation
methods used. But It is however out of the scope of this review
to present and discuss on the sensitivity and/or specificity of
the diagnostic methods applied in the different studies.

MRSA in Pigs

All around the globe, LA-MRSA are frequently detected
along the entire pork production chain from primary pig pro-
duction to pig meat, with predominant lineages changing over
time and differing between geographical regions [11, 25, 26].
Pigs are the primary host of LA-MRSA CC398, with the first
report dating back to 2005 [27]. LA-MRSA CC398 have since
become widespread across pig breeding and production farms
all over Europe, with prevalence rates varying substantially
among different European countries: by using a harmonized
monitoring approach (collecting dust samples in farms, nasal
samples from individual pigs, and a standardized isolation
method [24]). The EFSA reported between 0% and 90% pos-
itive animals/herds/batches in 2017 and 0% and 89% positive
herds in 2018, respectively [28]. Interestingly, following high-
ly successful eradication programs, Norway reported a preva-
lence of 0.4% in 2017 and no positive pig herds in 2018 [28].
Pig movements between farms are considered an important
driver in the spread of LA-MRSA CC398 [17¢°]. Recently, a
Danish study compared MRSA herd prevalence in fattening
pigs raised under controlled housing conditions (conventional
indoor fattening pigs) to those raised under non-controlled
housing conditions (free-range fattening pigs including organ-
ic production herds). The prevalence in herds raised conven-
tionally (89%) substantially exceeded the prevalence in free-
range herds (20%) [28]. Similar to Europe, the prevalence of
LA-MRSA in pigs in Asian countries varies widely among
different geographical regions. Different studies report a prev-
alence of 1% in Japan and Malaysia, 3% in South Korea, 11%
in China, 10-40% in Thailand, 16-39% in Hong Kong, and 4-
43% in Taiwan [11].

The MRSA burden on pig carcasses can be significantly
reduced by hygienic measures during the slaughter process, in
particular by scalding and flaming [25]. Still, recontamination
can occur either through contaminated equipment or through
human handling during further meat processing [25]. In order

to minimize transmission of MRSA from pig primary produc-
tion to pork, optimizing decontamination during the slaughter
processes as shown by Lassok et al. [25] and avoiding recon-
tamination by effective cleaning and high hygiene standards
for personnel are crucial.

An MRSA CC398 strain detected in Finnish fattening pigs
[26] lacked both the global virulence regulator gene locus agr
and the adhesion gene fnbB. The strain was shown to exhibit
increased adhesive capacity to human and porcine host cells
and diminished cytotoxic effects on porcine host cells, char-
acteristics that are likely favorable for persistent colonization
in pigs, as well as for transmission to and among human hosts
[26].

MRSA in Dairy Cattle

In dairy cattle, S. aureus is considered a contagious mastitis
pathogen that enters the mammary gland through the teat ca-
nal. Staphylococcus aureus is among the common pathogens
causing clinical mastitis to date [29], if not the most prevalent
pathogen isolated from mastitis milk samples [30]. Meticillin-
resistant S. aureus has been reported from dairy farms around
the world and associated with transmission events between
human and animals, but the directionality of transmission is
not always known [31]. Overall, the MRSA prevalence in
dairy herds is low compared to other animal species, mainly
ranging from 0.0 to 4.4% MRSA-positive bulk tank milk
samples [32, 33+]. However, there is some evidence that the
MRSA prevalence might be increasing over time at least in
some countries, e.g. from 4.4 (year 2009-2010) to 9.7% (year
2014) in Germany [34], and up to 6% (until 2006) and 13.9%
(in 2011-2012) in Korea [35].

As in pigs, the predominant MRSA type in dairy herds in
Europe is LA-MRSA of clonal complex 398. Also, in studies
from Brazil, China, and Israel, LA-MRSA CC398 were found
in mastitis milk samples [32]. Very recently, LA-MRSA ex-
clusively belonging to CC398 were found on 20 German dairy
farms [33¢]. In contrast, ST9 MRSA were found in milk sam-
ples in Southeast Asia [36]. In most studies, a transmission
from cow to cow was suggested as there is usually a predom-
inant MRSA strain within herds [32]. However, the environ-
ment may also act as a reservoir of MRSA strains found in
dairy herds, too [37]. Hansen et al. [38¢] were the first who
suggested a spillover of LA-MRSA from pigs into cattle farms
based on their phylogenetic analysis applying whole-genome
sequencing.

Several risk factors for the occurrence of MRSA in dairy
herds were identified. MRSA was more frequently detected in
conventional dairy farms than in organic farms and more often
in larger farms than in smaller farms; pigs and humans intro-
ducing new MRSA strains into dairy herds were identified as
additional risk factors [32]. Within dairy herds, transmission
was associated with improper milking hygiene procedures
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[33e, 37] and somatic cell counts of bulk tank milk were ele-
vated on MRSA-affected farms [33¢]. Additionally,
meticillin-resistant coagulase-negative staphylococci may
transfer resistance genes to S. aureus prevalent in dairy but
this needs to be further investigated [32]. In contrast, the de-
bate about the role of antimicrobial exposure as a risk factor
for the occurrence of MRSA in dairy cows is still ongoing.
Resistance levels through intra-mammary treatment might be
lower than in other parts of the body after oral or parenteral
application of antibiotics [39].

Clonal MRSA strains might be widely spread among dif-
ferent animals and the milking equipment, as described recent-
ly [33e, 40¢]. Moreover, MRSA transmission between differ-
ent farms has been observed [40¢]. However, since isolates
found on dairy farms lacked factors typically associated with
human infection, the risk for severe human infections and
foodborne diseases was considered to be low [40°]. Also,
Hansen and colleagues [38¢] concluded that Danish cattle rep-
resent a low prevalence reservoir for LA-MRSA CC398
which might not be of major human health concern.

MRSA in Veal Calves

Besides pigs, veal calves remain the main reservoir for LA-
MRSA in livestock partly with increasing prevalence in
European countries over the years [28]. Compared to other
farms raising bovines, i.e. dairy or beef cattle farms, MRSA
are mainly present in veal farms with CC398-associated spa
types predominating [38e, 41, 42]. Calves were more often
MRSA carriers when treated with antibiotics [43, 44]. In con-
trast, farm hygiene contributes to lower prevalence of MRSA
and a 2-3 times lower prevalence of MRSA was also observed
in calves younger than 6 weeks of age [45+, 46]. On the con-
trary, Graveland and colleagues [46] hypothesized that anti-
microbial use may not necessarily be the only risk factor for
MRSA in veal calves. Applying DNA microarray and PCR
for detection of antimicrobial resistance and virulence genes,
Argudin and colleagues [47] found that meticillin-resistant
non-S. aureus from veal calves represents an important reser-
voir of antimicrobial resistance and virulence genes. Recently,
the results of one of the first whole-genome sequencing ap-
proaches on LA-MRSA were published and a possible spill-
over from pig production into veal calf farming was postulated
[38-].

MRSA in Poultry

Although the prevalence of MRSA in poultry is lower com-
pared to the prevalence in pigs and cattle [28, 48], MRSA
have been detected along the whole poultry production chain
from farm to fork. In a recent systematic review, a meta-ana-
lytical method was used to estimate the “pooled prevalence”
of MRSA [49+]. Ribeiro and colleagues (2018) established the
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MRSA prevalence from 51 studies published from 2003 to
2017, assessed the heterogeneity, and calculated the “pooled
MRSA prevalence” by using the random effects model. The
MRSA prevalence rates in poultry and poultry meat varied
between geographical regions, with highest MRSA preva-
lence being observed in South America (27%) and lowest
MRSA prevalence being observed in North America (1%)
[49-].

MRSA isolates from poultry belonged to various clonal
lineages. In Europe, the main lineage detected in broiler chick-
en and chicken retail meat products was CC398, but CCS5,
CC8, CC9, and CC80 were also isolated from poultry
[50-55]. A study from Belgium for the first time reported
MRSA isolates assigned to ST398 (spa types t011 and t567)
that were obtained from poultry in 2006 [53]. A study screen-
ing for MRSA in laying hens and broiler chickens in Belgium
in 2007 detected MRSA CC398 of spa type t1456 in broiler
chickens, which differs from spa types detected in other ani-
mal species in Belgium and Europe [54]. In addition, no
MRSA were detected in laying hens [54]. A Canadian study
investigating LA-MRSA isolates from chicken meat and
broiler flock samples (2013-2014) reported a prevalence of
1.3% in chicken meat samples and no positive samples from
broiler chickens [52]. All isolates were assigned to ST398 and
ST8 [52]. In recent years, the number of studies providing data
on the population structure and evolution of poultry MRSA
was very low, which may result in changes in predominant
clones going unnoticed.

MRSA in Other Animals

LA-MRSA has been detected not only in livestock, but also in
other animals regularly found on farms, i.e. goats, cats, dogs,
mice, and rats [33¢, 56]. In companion, animals such as cats
and dogs [33, 57, 58] as well as in horses [33e, 58-61], LA-
MRSA, mainly CC398, plays an important role. Particularly
in horses, CC398 MRSA are massively prevalent worldwide
and represent nearly 90% of the MRSA isolated from equine
wound infections in Germany [57]. Previous surgery, hospi-
talization, treatment with antimicrobial agents, treatment con-
tact with human MRSA carriers, and use of implant devices
are regarded as risk factors for MRSA infection in companion
animals [62].

In regions with high livestock density, MRSA belonging to
livestock-associated clonal lineages were exclusively found in
companion animals, emphasizing the adverse effects of dis-
semination of multi-drug-resistant organisms (MDRO) across
species barriers [63]. Kaspar and colleagues [63] further con-
cluded that the presence of LA-MRSA among pets and prob-
able dissemination in clinical settings supports the necessity of
a One Health approach to address the potential threats due to
MDRO-carrying companion animals. Also, in non-
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hospitalized horses living in rural areas, LA-MRSA belonging
to CC398 were present, which underlines the impact of live-
stock on the geographic distribution of epidemic strains [63].

MRSA in Food

While there is a wealth of literature on the role of S. aureus as
a foodborne pathogen [64], the role of MRSA in food is still
poorly understood. The EFSA reported that voluntary moni-
toring of foods, healthy animals, and clinical investigations
revealed that > 95% of the detected spa types were associated
with LA-MRSA lineages [28]. Since carcasses can be contam-
inated during slaughter through contact with the skin, respira-
tory secretions, feces, urine, and other exudates, a possible
route of dissemination of LA-MRSA to humans is through
the food production chain. Cross-contamination and recon-
tamination of the bacteria during food preparation, or con-
sumption of meat, which was not properly cooked, may play
an important role in the dissemination of LA-MRSA, and
therefore could contribute to a serious health problem, espe-
cially for immunocompromised people. Therefore, monitor-
ing of MRSA from farm-to-fork as well as the comparison of
strains from livestock and food with those from humans re-
mains highly recommended at European Union level.
Recently, the EFSA has even proposed to reinforce the mon-
itoring of MRSA in food-producing animals and food [24].
This may also include the characterization of MRSA isolates
by genotypic analysis (whole-genome sequencing) to deter-
mine the phylogeny as well as to investigate the presence of
important virulence and host-adaption factors and those spe-
cific genetic markers associated with certain animal hosts
[24].

Many studies conducted in Europe and North America
have confirmed the contamination of food, mainly raw meat,
with LA-MRSA, sometimes with substantially high preva-
lence in poultry meat [65-67]. Newest prevalence data are
available at EU level with MRSA prevalence ranging from 1
to 20% in broiler meat and from 43 to 100% in turkey meat,
respectively [28]. Thus, one may assume that also LA-MRSA
may act as foodborne pathogens as recently reviewed by
Sergelidis and coauthors [23]; however, this depends on the
staphylococcal enterotoxin (SE) gene content of LA-MRSA
strains and requires favorable conditions for growth and en-
terotoxin production. Those clonal lineages present in the
farm to fork food chain do not or only at a very minor per-
centage carry SE encoding genes [13]. In addition, the level of
contamination of food may be low, as recently shown by
Pauly and colleagues [68¢] providing quantitative data on
MRSA prevalence in fresh broiler meat samples for the first
time.

On the other hand, LA-MRSA are relatively rare in urban
areas and some cases of LA-MRSA carriage in humans cannot

be explained by livestock contact. In The Netherlands, human
carriers of CC398 MRSA of unknown origin carried MRSA
from livestock origin, suggestive of indirect transmission [69].
Also, Deiters and colleagues [70] have speculated that humans
might have acquired LA-MRSA via contaminated food.
Adding to that, poultry meat, mainly from turkey, has been
considered a probable source of infections in humans with a
novel hybrid LA-MRSA CC9/CC398 genotype [71¢]. As sug-
gested by Larsen and colleagues [72¢], specific LA-MRSA
subpopulations such as CC9/CC398 might have become
adapted to humans and might therefore more easily transfer-
able via food.

In general, the risk of exposure to MRSA through con-
sumption of contaminated food appears to be small in com-
parison with that related to the contact with livestock animals
or humans. Very recently, it was shown in a probabilistic
model approach that the prevalence of MRSA at retail level
highly influences the probability of the final serving to be
contaminated [73¢]. Overall, the probability and extent of
cross-contamination and recontamination and the burden of
MRSA from contaminated raw chicken meat via hands and
kitchen utensils during a household barbecue was low (i.e., the
probability of the consumer to be exposed by at least one cell
while consuming a serving would be smaller than 1.07 x 107
in 95% of the simulations) [73¢]. Also, occupational handling
of raw meat and raw meat products was not associated with an
increased risk of nasal colonization by LA-MRSA [74e].
Nevertheless, it is important to keep good hygiene practices
during the household food manipulation to reduce the spread
of MRSA and any other bacteria.

Livestock-Associated MRSA in Humans and Its
Impact From a One Health Perspective

It is scientific consensus that colonization and subsequent in-
fections with LA-MRSA can occur in people who have direct
contact with livestock. This affects, for example, farmers, vet-
erinarians, or slaughterhouse employees. A direct association
between animal and human carriage of CC398 MRSA was
shown in pig [2] and veal calf farming [44]. Likewise, in the
poultry production system, slaughterhouse staff in contact
with live animals exhibited particularly high prevalence rates
of MRSA carriage, in particular workers hanging broilers on
the slaughter line (20%) [55]. The stunning technique chosen
also influences the risk of LA-MRSA carriage in employees,
with an increase in risk if conventional electric stunning was
employed compared to CO, stunning [55]. In veal calf farm-
ing, the environmental contamination with MRSA plays also a
role in the acquisition of MRSA in veal calf farmers and their
household members [75]. The exposure to CC398 MRSA in
barn air seems to be an important determinant for nasal
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carriage in humans, especially in highly exposed veal calf
farmers as well as duration of contact with animals [76].

The role of LA-MRSA in human invasive infections is
difficult to assess. EU member states report data on antimicro-
bial susceptibility of invasive human S. aureus isolates to the
European Antimicrobial Resistance Surveillance Network
(EARS-Net) hosted by the European Centre for Disease
Prevention and Control (ECDC). However, as typing data
are not included in reporting, potential links between LA-
MRSA animal reservoirs and infections in humans are cur-
rently not captured by these monitoring procedures. Between
2015 and 2018, the EARS-Net reporting data show a decrease
in the population-weighted mean proportion of MRSA strains
among invasive S. aureus infections from 19 to 16% [28].
However, the EFSA still considers MRSA a major threat for
human health due to high MRSA levels in several countries
and concerns with regard to combined resistance to other an-
timicrobial groups [28]. Monitoring systems in the USA are
less centralized, with Centers for Disease Control and
Prevention (CDC) and Centers for Medicare and Medicaid
Services relying on National Healthcare Safety Network
Reports, the Emerging Infections Program, and electronic
health records. Still, similar to European reports, a trend to-
wards a decline in human MRSA bloodstream infections was
observed and largely attributed to decreasing numbers of HA-
MRSA infections with strain USA100 [77, 78]. However, the
role of LA-MRSA infections remain unclear. While in Europe
and the USA there is a trend towards a decline in human
MRSA infections, this might not be the case at global level.
At least for the Asia-Pacific region, a steadily increasing trend
since the 1980s was shown with regional detection propor-
tions of meticillin resistance in S. aureus in healthcare settings
ranging from 26 to 73% in 2011 [79].

LA-MRSA assigned to CC398 most likely originated in
humans as meticillin-susceptible S. aureus [7¢]. While the
jump from humans to livestock was followed by acquisition
of resistance to tetracycline and meticillin, it may have led to
decreased capacity for human colonization and transmission
[7¢]. Very recently it was shown that LA-MRSA CC398

originated in the late 1990s and diversified into farm-specific
genotypes, which stay relatively consistent over time [80].
However, the ability of MRSA-ST398 to acquire mobile ge-
netic elements was reported to be increased [81]. Kraushaar
and colleagues [82¢] have already demonstrated that lysogenic
conversion of LA-CC398 strains by virulence-associated
phages may occur in vitro and that new pathotypes may
emerge by this mechanism. In vivo, CC398 MRSA strains
harboring pv/ are of particular concern and first cases of hos-
pitalizations and death have been reported [83—85¢, 86].
Interestingly, two human cases without contact to animals or
people working or living with animals were reported in pa-
tients in Tokyo, Japan [85¢, 86]. The cases were caused by a
PVL-positive LA-MRSA CC398 (ST1232) clone, a single-
locus variant of ST398.

The directionality of transmission between livestock and
humans has been a topic of controversy and there is some
evidence for transmission from humans to animals, e.g. spread
of healthcare-associated MRSA from farmers to pigs [87].
However, spread of LA-MRSA from animals to humans
seems to occur frequently, as supported by a recent systematic
review [88ee] that demonstrated a monotonically increasing
relationship for hours of livestock exposure. This systematic
review also associated livestock exposure with an elevated
risk of MRSA carriage (OR = 7.03, 95% CI 4.29-11.52) in
general [88e¢]. Odds ratios varied significantly between ani-
mal species and exposed groups (see Tables 1 and 2) [88e¢]. In
a study executed in Spain in 2016, 58% of pig farm workers
were carriers of LA-MRSA CC398, compared to an MRSA
prevalence rate of <0.5% in the general population [90e].
Another recent systematic review also stresses the role of oc-
cupational livestock contact and in particular pig contact en-
hancing the risk of LA-MRSA colonization [89]. The odds
ratio for LA-MRSA colonization among swine workers was
highest (OR = 15.41), followed by cattle workers (OR =
11.62), veterinarians (OR = 7.63), horse workers (OR =
7.45), poultry workers (OR = 5.70), and industrial slaughter-
house workers (OR = 4.69). The results of a systematic review
by Klous and coworkers [87] suggest that the prevalence of

Table 1 Overview of odds ratios

for human MRSA colonization Subgroup Odds ratio 95% confidence p-value F
for various occupational groups in interval
contact with livestock based on a
systematic review and meta- All livestock workers and veterinarians 9.80 6.89-13.95 0.000 734
analysis by Chen' anq goworkers Swine workers 1541 9.24-25.69 0.000 68.7
[92]. Heterogeneity is indicated 0 wworkers 11.62 4.60-29.36 0.000 79.0
by the I” statistic o
Veterinarians 7.63 3.10-18.74 0.000 719
Horse workers 7.45 2.39-23.25 0.17 47.6
Livestock workers 5.86 1.14-30.16 0.23 32.6
Poultry workers 5.70 1.70-19.11 0.006 72.3
Slaughterhouse workers 4.69 1.10-20.0 0.94 0.000
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Table 2 Overview of odds ratios
for human MRSA colonization Category Subgroup Odds ratio 95% confidence interval p-value for
based on geographical location, heterogeneity
type of livestock exposure, and
exposed group as determined by Continent Europe 9.91 5.38-18.23 < 0.001
Liu and coworkers in a systematic North America 1.34 0.87-2.07
review and meta-analysis [91] Asia 6.85 4.40-10.67
Africa 297 1.48-5.95
Type of exposure Pigs 11.41 5.42-24.03 < 0.001
Poultry 6.20 2.94-13.08
Cattle 5.66 2.19-14.60
Horses 2.28 0.60-8.67
Sheep 1.58 0.56-4.43
Exposed group Farm personnel 9.70 5.17-18.20 < 0.001
Veterinarians 7.19 3.08-16.77
Slaughter workers 3.45 1.23-9.67
Community residents 0.85 0.42-1.72
MRSA carriage in slaughterhouse workers also has a spatial ~ Conclusion

component: Prevalence rates in workers at the start of the
slaughter line working with live animals exceed those of staff
working with carcasses only. In contrast, nasal LA-MRSA
colonization among humans with occasional livestock contact
is common but most likely only temporary [80].

MRSA carriage has long been known to present a risk
factor for MRSA infections, in particular in patients undergo-
ing surgery [91]. However, the true incidence of LA-MRSA
infections due to occupational exposure is unknown and
would necessitate longitudinal studies of high-risk occupa-
tional groups that are currently not available. In addition, de-
veloping effective preventive strategies to minimize the risk of
MRSA infections in persons in occupational contact with live-
stock is further complicated due to persistence and recoloni-
zation. A study repeatedly screening Dutch veterinarians for
LA-MRSA colonization over a period of 2 years found that
44% of veterinarians were LA-MRSA carriers at one or more
measurement time points, with 13% being persistently colo-
nized with the same strain [92]. Decolonization strategies are
available and often rely on a combination of topical use of
mupirocin nasal spray or ointment and body washes with
chlorhexidine, octenidine, or polyhexanide [93, 94-].
Approximately 95% of LA-MRSA are susceptible to
mupirocin, but no similar data is available assessing the effec-
tiveness of chlorhexidine, octenidine, or polyhexanide in vitro
[94¢]. In addition, though decolonization has clear advantages,
e.g. in MRSA carriers undergoing planned surgery, long-term
decolonization success rates are low in persons with continu-
ous livestock exposure [94s].

Undoubtedly, LA-MRSA adds to the total burden of MRSA
in humans. Reports of LA-MRSA strains acquiring new viru-
lence and resistance determinants and causing severe blood-
stream infections in humans are a major cause of concern.
According to Gebreyes and colleagues [95¢], more than two-
thirds of emerging infectious diseases in humans today are
known to be of animal origin. Understanding the origin, risk
factors, transmission, prevention, and control of LA-MRSA
strains has been a challenge for various reasons, particularly
due to the intertwined nature of the human, environment, and
animal health sectors. Food animal farms, pets in communi-
ties, slaughterhouses, and veterinary hospital environments
are major sources of LA-MRSA infections. However, attrib-
uting such infections to a source requires comprehensive mon-
itoring programs using highly discriminatory molecular
methods such as whole-genome sequencing (WGS) or
Fourier-transform infrared spectroscopy [96-98]. In particu-
lar, WGS-based approaches will increasingly be used in the
near future and will allow for a better understanding of the
molecular epidemiology of the diseases at the interface of
humans, animals, and the environment; this may in part even
result in the blurring of epidemiological classifications [4¢].
The results will make a substantial contribution to the devel-
opment of more suitable control and mitigation strategies
which have to consider a One Health approach.
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