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Abstract  Enterococci are intrinsically resistant to various antimicrobial classes and 
able to acquire resistance to clinically relevant drugs via horizontal transfer. Conse-
quently, limited therapeutic options are available for treatment of enterococcal infec-
tions. Zoonotic transfer of antimicrobial resistance in enterococci has been studied for 
two decades. The first studies hypothesizing possible animal-to-human transmission 
of resistant strains and mobile genetic elements are dated 1993. Since then a consid-
erable amount of papers has been published on this subject, providing the ground-
work for important decisions limiting antimicrobial use in animal husbandry. In this 
chapter, the relative contribution by animal enterococci to antimicrobial resistance in 
human infections was reviewed taking into consideration the potential impact associ-
ated with different enterococcal species, animal hosts, epidemiological routes and 
mechanisms of transfer. The authors conclude that potential zoonotic risks mainly 
concern horizontal transfer of resistance genes and clonal transmission of multidrug-
resistant Enterococcus faecalis sequence type ST16. The impact of clonal transmis-
sion from food animals to people appears to be negligible for other multidrug-resistant 
E. faecalis and E. faecium lineages responsible for hospital infections. Although it has 
been demonstrated experimentally that antimicrobial resistant enterococci of animal 
origin can transiently colonise the human digestive tract and transfer their resistance 
genes to the indigenous microflora, the actual risks associated with foodborne trans-
mission are controversial, mainly limited to poultry meat products and possibly differ 
between geographical areas. Research is warranted to explore the ecology of entero-
coccal mobile genetic elements carrying resistance genes of clinical relevance and to 
develop suitable technologies to perform this type of studies.

Enterococci are commensal bacteria in the intestinal microbiota of humans and 
animals (Gilmore et al. 2013). Enterococcus faecalis and E. faecium are the most 
frequent species in humans and domestic animals, although species distribution has 
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a certain degree of host-specificity and is influenced by diet and environmental 
conditions (Aarestrup et al. 2002; Kühn et al. 2003). Both species are opportunistic 
pathogens that can cause a variety of infections, especially hospital-acquired in-
fections, including endocarditis, bacteraemia, meningitis, wound and urinary tract 
infections, and peritonitis (Arias and Murray 2012). E. faecalis is the species most 
frequently isolated from human clinical specimens, followed by E. faecium (Hidron 
et al. 2008; Oteo et al. 2007). Together these two species are ranked as the third 
cause of bacteraemia in European and in American hospitals accounting for ap-
proximately 11–13 % of all bacteraemia cases (Ammerlaan et al. 2013; de Kraker 
et al. 2013). E. faecalis and E. faecium are also among the most common patho-
gens recovered from catheter-associated, skin and soft tissue infections (Arias and 
Murray 2012).

Enterococci are intrinsically resistant to important antimicrobial classes in clini-
cal practice. Consequently, therapeutic options against enterococci are limited. 
Treatment of life-threatening infections usually consists of a combination of peni-
cillin (ampicillin or penicillin) and aminoglycoside (gentamicin or streptomycin) 
(Arias and Murray 2008). Glycopeptides such as vancomycin are the best alterna-
tive, if the causative strain is resistant to one or both these drugs or in cases where 
aminoglycoside use is contraindicated due to nephrotoxicity. Other second tier 
agents include quinupristin-dalfopristin (for E. faecium only) and newer drugs such 
as linezolid, daptomycin, tigecycline and fifth-generation cephalosporins. Older 
antibiotics such as chloramphenicol, doxycycline, minocycline and nitrofurantoin 
may be used for specific indications (Arias and Murray 2008).

Over the last two decades many authors have hypothesized that animal entero-
cocci may serve as a reservoir of resistant strains and resistance genes to humans. 
Antimicrobial resistant enterococci in food of animal origin gained attention from 
researchers and public health authorities in the early 1990s. At that time, vancomy-
cin-resistant enterococci (VRE) were emerging as nosocomial pathogens worldwide 
(Leclercq et al. 1988; Uttley et al. 1988; Sundsfjord et al. 2001). Although initially 
it was believed that nosocomial use of vancomycin was the only factor selecting 
for VRE, this assumption was partly revisited after a considerable reservoir of VRE 
was reported in the community and in production animals in Europe (Bates et al. 
1993; Klare et al. 1993; Torres et al. 1994; Goossens 1998; Martone 1998). In 1995, 
two independent studies established a correlation between usage of the vancomy-
cin-analogue avoparcin as a growth promoter in livestock and occurrence of VRE 
in chickens and pigs (Klare et al. 1995; Aarestrup et al. 1995). Subsequent studies 
confirmed that i) there is cross-resistance between avoparcin and vancomycin (van 
den Bogaard et al. 1997a); ii) avoparcin use was associated with occurrence of VRE 
in animal faeces and meat products (Bager et al. 1997; Aarestrup et al. 2000a); and 
iii) occurrence of VRE in food animals and meat products was correlated to oc-
currence of VRE in faecal samples of community-dwelling humans (Pantosti et al. 
1999; Klare et al. 1999; van den Bogaard 2000). The risk that animal VRE could 
be transmitted through the food chain was regarded as high, since enterococci are 
particularly resistant to heat, disinfectants and other decontamination procedures 
used at slaughterhouses (Giraffa 2002). All these evidences provided the basis for 
establishing and maintaining the ban of avoparcin use enforced in the EU since 1997 
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in accordance with the precautionary principle (Anonymous 1997). Additional links 
between occurrence of antimicrobial resistant enterococci in production animals 
and in healthy humans were hypothesized on the basis of similarities in the patterns 
of resistance to quinupristin/dalfopristin, erythromycin, tetracyclines, gentamicin 
and chloramphenicol, as well as in the distribution of genes conferring resistance to 
these antimicrobials (Welton et al. 1998; Werner et al. 1998; Aarestrup et al. 2000a; 
Aarestrup et al. 2000b; Del Campo et al. 2003; Klare et al. 2003; Kieke et al. 2006). 
These findings contributed to support the ban on use of all antimicrobials as growth 
promoters in the EU, which was ratified through different EU Regulations enforced 
in 1999 and in 2006 (Anonymous 1998a; Anonymous 1998b; Anonymous 2003). 
Use of growth promoters is still allowed in the USA, even though avoparcin has 
never been used in this country.

This chapter is a review of the literature regarding the possible contribution of 
enterococci of animal origin to antimicrobial resistance problems encountered in 
human medicine. The topic is reviewed taking into consideration the roles played 
by different enterococcal species ( E. faecium vs. E. faecalis), animal hosts (food 
vs. companion animals), epidemiological routes (foodborne transmission vs. trans-
mission by contact with animals) and mechanisms of transfer (clonal transmission 
vs. horizontal gene transfer). The chapter is organised into five sections addressing 
genetic basis of antimicrobial resistance in enterococci (16.1), prevalence of resis-
tance in human, animal and food isolates (16.2), evidence of transmission between 
animals and humans (16.3), genetic links between clinical and animal strains (16.4) 
and concluding remarks by the authors (16.5).

16.1 � Genetic Basis of Antimicrobial Resistance  
in Enterococci

Enterococci tolerate low concentrations of β-lactams, quinolones, aminoglycosides 
and lincosamides, and are able to metabolise preformed folic acid, thereby bypass-
ing inhibition of folate synthesis by trimethoprim and sulphonamides (Murray 1990; 
Hollenbeck and Rice 2012). Moreover, they have a particular ability to acquire ex-
ogenous resistance genes via conjugative transposons and plasmids (Werner et al. 
2013). This section summarises the genetic basis of antimicrobial resistance in en-
terococci with focus on acquired resistance to antimicrobials of clinical relevance 
and potential animal reservoirs.

16.1.1  �β-lactam Resistance

Enterococci display intrinsic resistance to cephalosporins and decreased suscepti-
bility to penicillins (Fontana et al. 1990; Zhang et al. 2012). In E. faecium, high-
level penicillin resistance is mainly associated with mutations or overproduction 
of pbp5, which encodes a penicillin binding protein (PBP5) with low affinity for 
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penicillins (Arias and Murray 2012). An additional gene ( ddcY) which mediates 
ampicillin resistance by altering the pathway of peptidoglycan synthesis was identi-
fied in ampicillin-resistant E. faecium (AREF) mutants selected in vitro (Mainardi 
et al. 2000). The clinical importance of this resistance mechanism appears to be lim-
ited, since this gene is present in a relatively small proportion (17 % out of 29 strains 
and 25 % out of 8 strains according to different studies) of E. faecium strains (Main-
ardi et al. 2000; Sacco et al. 2010; Zhang et al. 2012). Finally, a further, uncommon 
mechanism of ampicillin resistance in E. faecium is represented by enzymatic drug 
inactivation. Chromosomal beta-lactamase-encoding genes conferring ampicillin 
resistance were recently reported in different E. faecium strains (Sarti et al. 2012).

Transferability of ampicillin resistance determinants was shown in vitro, but the 
frequency and importance of this event in nature is unknown. Rice et al. demon-
strated that pbp5 is transferable horizontally and, recently, Novais et  al. showed 
that five (28 %) out of 18 E. faecium strains isolated from the pig farm environment 
could transfer ampicillin resistance by conjugation, though the underlying genetic 
basis of resistance was not investigated (Rice et al. 2005; Novais et al. 2013).

Ampicillin-resistant E. faecium (AREF) have been detected in production ani-
mals worldwide with considerable differences between countries (see Sect 2). For 
example, in 2011 occurrence of ampicillin resistance in E. faecium isolates from 
chickens was 3 and 75 % in Denmark and Ireland, respectively (EFSA 2013). In ad-
dition, significant temporal variations in occurrence of AREF in production animals 
could be observed within the same country. In Denmark, prevalence of ampicillin 
resistance in E. faecium was 3 and 23 % among pig isolates in 2010 and 2011, re-
spectively (DANMAP 2011). Notably, AREF are commonly detected in dogs and, 
to a lesser extent, in cats (Butaye et al. 2001; Simjee et al. 2002; Rodrigues et al. 
2002; Moyaert et al. 2006; Damborg et al. 2009; Ghosh et al. 2011, 2012; de Regt 
et al. 2012).

In E. faecalis, penicillin resistance is mainly mediated by mutations in pbp4 
(Ono et al. 2005). Plasmid-mediated beta-lactamases were first described in E. fae-
calis in 1983, but their occurrence remains rare (Murray 1992; Hollenbeck and Rice 
2012). Occurrence of acquired penicillin resistance is rare in E. faecalis of both 
human and animal origin.

16.1.2 � Aminoglycoside Resistance

Enterococci display intrinsic low-level resistance to aminoglycosides (Galimand 
et  al. 2011; Arias and Murray 2012). High-level aminoglycoside resistance is 
caused by ribosomal mutations and/or acquisition of genes encoding enzymes that 
modify the drug (Chow et al. 2000; Arias et al. 2010). The most commonly detected 
gene is the transposon-associated aac(6’)-Ie-aph(2’’)-Ia, which mediates resistance 
to gentamicin, but not to streptomycin (Chow et al. 2000; Arias and Murray 2012). 
High-level streptomycin resistance may result from ribosomal mutations or acquisi-
tion of ant(6’)-Ia (Arias et al. 2010). These mobilisable genes conferring high-level 
gentamicin and streptomycin resistance have been detected in enterococcal isolates 
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from production and companion animals worldwide (Torres et  al. 2003; Harada 
et al. 2005; Novais et al. 2005; Jackson et al. 2010; Larsen et al. 2011; Frye and 
Jackson 2013; Novais et al. 2013). There are no peculiar differences between E. 
faecium and E. faecalis in the occurrence of aminoglycoside resistance.

16.1.3 � Glycopeptide Resistance

Resistance to glycopeptides such as vancomycin and teicoplanin is mainly mediated 
by van operons which encode modified peptidoglycan precursors terminating in 
D-Ala-D-Lac or D-Ala-D-Ser and retain lower affinity to glycopeptides compared 
to the wild-type peptidoglycan precursor terminating in D-Ala-D-Ala (Courvalin 
2006). Nine van operons have been described to date in E. faecium and E. faecalis, 
with vanA and vanB being the most frequently detected among clinical isolates, 
with notable country-based differences (Lebreton et  al. 2011; de Garnica et  al. 
2013). Indeed, VanA is the predominant type of glycopeptide resistance reported 
among clinical isolates in Europe and North America, whereas VanB is more com-
mon among isolates in Australia (Cetinkaya et al. 2000; Christiansen et al. 2007; 
Deshpande et al. 2007). Interestingly, an increased occurrence of vanB was recently 
observed in hospital-associated E. faecium isolates in France, Germany and Spain 
(Bourdon et al. 2011; Klare et al. 2012; Lopez et al. 2012). Vancomycin resistance 
operons have been described both on chromosome and on plasmids, mainly in as-
sociation with conjugative transposons Tn1546 and Tn1546-variants ( van A), and 
Tn1547 and Tn1549 ( vanB) (Hegstad et al. 2010). Interestingly, glycopeptide re-
sistance operons displaying 79–94 % nucleotide identity to vanA operon in entero-
cocci have been described in Paenibacillus spp. isolated from soil, indicating that 
this glycopeptide resistance determinant may have originated in the environment 
a long time before emerging in clinical settings (Guardabassi et al. 2005). A novel 
glycopeptide resistance mechanism mediated by mutations in ddcY (see paragraph 
1.1) was described in E. faecium strains obtained in vitro through serial exposure 
to increasing concentrations of glycopeptides (Cremniter et al. 2006). This mecha-
nism of resistance, which leads to cross-resistance to ampicillin and glycopeptides 
(both vancomycin and teicoplanin) through bypass of PBPs-mediated peptidogly-
can cross-linking, has not been described in clinical isolates.

VRE, generally harbouring vanA, are still detected in production animals from 
countries that used avoparcin, although at low prevalence (Lim et al. 2006; EFSA 
2013). Noteworthy, avoparcin use was discontinued in Sweden already in 1984 and 
no VRE were detected in production animals until 2000 (Nilsson 2012). Then, from 
2000 to 2005 the proportion of broiler flocks positive for VRE strikingly increased 
from less than 1>40 %, mainly due to spread of a single E. faecium clone for rea-
sons which are still unknown (Nilsson 2012). VRE have not been reported to date in 
production animals from most countries where avoparcin has never been used (e.g. 
Canada and Australia), with the exception of the USA where vancomycin-resistant E. 
faecium (VREFm) was reported once in swine (Coque et al. 1996; Diarra et al. 2010; 
Donabedian et al. 2010; Fard et al. 2011; Tremblay et al. 2011; Tremblay et al. 2012). 



412 V. Bortolaia and L. Guardabassi

VRE have also been isolated from companion animals in various countries (Devriese 
et al. 1996; Simjee et al. 2002; Manson et al. 2003; Torres et al. 2003; Herrero et al. 
2004; Poeta et  al. 2005). Independent of host species, occurrence of vancomycin 
resistance is generally more frequent in E. faecium than in E. faecalis.

16.1.4 � Daptomycin Resistance

Daptomycin resistance is mediated by mutations in two groups of chromosomal 
genes (Arias et al. 2011; Tran et al. 2013). The first group include genes encod-
ing a three-component regulatory system (LiaFSR) involved in homeostasis of the 
cell envelope, while the second group of genes encode enzymes (GdpD and Cls) 
involved in cell membrane phospholipid metabolism (Arias et al. 2011; Humphries 
et al. 2012; Tran et al. 2013). In addition, mutations in the mannose-specific phos-
photransferase system (PTS) were also suggested to be involved in daptomycin 
resistance in E. faecium (Humphries et  al. 2012). Resistance to this lipopeptide 
antibiotic is rare in humans (and it is mainly developed during therapy) and has 
never been reported in animals (Novais et al. 2004; Hollenbeck and Rice 2012). 
Nevertheless, a zoonotic potential of daptomycin-resistant E. faecium was hypoth-
esized in a recent study showing that proximity of the residence of patients to ani-
mal or crop operations was associated with occurrence of daptomycin resistance 
(Kelesidis and Chow 2013).

16.1.5 � Linezolid Resistance

The most frequently reported mechanism of linezolid resistance is associated with 
mutations in domain V of 23S rRNA described both in E. faecium and in E. faecalis 
(Arias and Murray 2012). In addition, transferable cfr has been recently reported 
in E. faecalis from cattle, swine and farm sewage in China and E. faecalis and E. 
faecium in humans in Spain and Thailand (Cercenado et al 2010; Diaz et al. 2012; 
Liu et al. 2012; Liu et al. 2013). This gene has been found both on conjugative and 
on non-conjugative plasmids, often in association with ISEnfa4, IS1216 and IS256-
like elements, thus showing a high propensity to disseminate by conjugation and 
recombination events (Diaz et al. 2012; Liu et al. 2012; Liu et al. 2013; Shen et al. 
2013).

16.1.6 � Streptogramin Resistance

E. faecalis is intrinsically resistant to streptogramins such as quinupristin/dalfo-
pristin, whereas E. faecium displays innate low-level resistance to streptogramin 
B (quinupristin) (Singh and Murray 2005). Several plasmid-mediated strepto-
gramin resistance genes, with vat(D) and vat(E) being the most frequently detected, 
have been described in animal and human E. faecium isolates worldwide, and yet 
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unknown resistance mechanisms are likely to exist (Jensen et al. 1998; Soltani et al. 
2000; Hammerum et al. 2001; Hershberger et al. 2004; Simjee et al. 2006; De Graef 
et al. 2007; Jung et al. 2010; Frye and Jackson 2013).

16.1.7 � Tigecycline Resistance

The mechanisms of tigecycline resistance are currently unknown. Occurrence of 
resistance to this tetracycline analogue is sporadic in clinical and animal isolates 
(Waites et al. 2006; Dowzicky and Chmelarová 2011). Tigecycline-resistant E. fae-
calis isolates were reported in samples from chicken meat and swine in Portugal 
(Freitas et al. 2011b).

16.2 � Prevalence of Antimicrobial Resistance

Prevalence of antimicrobial resistance and distribution of antimicrobial resistance 
genes vary significantly depending on host species and geographical regions. Local 
data on prevalence of antimicrobial resistance often reflect the specific patterns of 
antimicrobial usage within each host species and marked differences between hosts 
may provide useful epidemiological indications on potential reservoirs of antimi-
crobial resistance within defined geographical areas. The two following paragraphs 
summarise available national data on prevalence of antimicrobial resistance in E. 
faecium and E. faecalis from human patients and production animals. Most data 
derive from studies in Europe and the USA, as in these regions occurrence of an-
timicrobial resistance in animal and human isolates has been monitored for longer 
time and in a more systematic way compared to other regions of the world.

16.2.1 � Patterns of Antimicrobial Resistance in Animal  
and Human E. faecium

Clinically-relevant antimicrobial resistance phenotypes in E. faecium that may be 
linked to animal reservoirs include resistance to ampicillin, gentamicin, vancomy-
cin and quinupristin-dalfopristin. Resistance to linezolid and daptomycin is rare or 
even absent in animal populations (see Sect 1.4 and 1.5).

Recent data from Europe and North America show that ampicillin resistance is 
frequent (≥ 89 %) among human clinical isolates, irrespective of geographical ori-
gin (Table 16.1). Ampicillin resistance occurs less frequently among isolates from 
animal sources, with the exception of turkey meat in the USA in which ampicil-
lin resistance occurred in 75 % of isolates (Table 16.1). Thus it seems that animal 
sources, mainly poultry, could contribute to occurrence of ampicillin resistance in 
clinical settings only to a limited extent. A marked difference in the prevalence of 
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ampicillin resistance has been observed between isolates from pig (23 %) and pork 
(3 %) in Denmark, indicating that hygienic measures at slaughter effectively reduce 
human foodborne exposure to ampicillin-resistant strains of pig origin.

Occurrence of gentamicin resistance greatly varies between countries and host 
species. In Denmark, gentamicin resistance is high (74 %) among clinical isolates, 
low (1 %) in pig isolates and absent in meat isolates, indicating that there is no sig-
nificant animal reservoir of this resistance in this country. Differently, in the USA 
gentamicin resistance occurs less frequently (19 %) than in Denmark among clinical 
isolates, but is more frequent in poultry meat isolates (9 and 10 % in broiler and tur-
key meat, respectively). These data suggest that poultry meat is a potential reservoir 
of gentamicin resistance for E. faecium isolated from human infections in the USA.

Geographical patterns of vancomycin resistance are also useful to infer potential 
epidemiological links between animals and humans. In Denmark, prevalence of 
vancomycin resistance is extremely low (ca. 1 %) among clinical and swine isolates, 
and was not detected among poultry isolates by the conventional monitoring pro-
gram in 2011 (Table 16.1). On the contrary, vancomycin resistance is widespread in 
American hospitals, being detected in up to 75 % of clinical isolates (Table 16.1).

In this country, vancomyicin resistance is virtually absent among isolates from 
production animals, which strongly indicates absence of animal reservoirs. Alto-
gether, it appears that occurrence of vancomycin resistance among human clinical 
isolates is primarily driven by hospital use of glycopeptides and only marginally 
influenced by zoonotic transmission from animals.

Different considerations can be made with regard to the occurrence of quinupris-
itin/dalfopristin resistance. This phenotype occurs at variable frequency (1–55 %) 
among isolates from poultry meat both in Europe and in the USA (Table 16.1; EFSA 
2013). The frequent recovery of resistant strains from poultry products in Europe 
is surprising, since the quinuprisitin/dalfopristin analogue virginiamycin, which 
is likely to select for quinuprisitin/dalfopristin resistance, has not been used since 
1999, while it is still used in the USA for growth promotion. Genetic linkage of 
quinopristin/dalfopristin resistance genes to genes conferring resistance to antimi-
crobials used in animal production (e.g. macrolides) may explain the persistence of 
these genes in food animals in Europe (Hammerum et al. 2001). Data on occurrence 
of quinopristin/dalfopristin resistance in human isolates are not readily available. 
However, it seems that prevalence of this resistance phenotype is lower in human 
isolates compared to animal isolates, suggesting that existence of an animal res-
ervoir is possible for quinupristin/dalfopristin resistance (Donabedian et al. 2006; 
Kieke et al. 2006; Hammerum et al. 2009).

Finally, it is important to note that occurrence of resistance to antimicrobials 
used in animals like erythromycin and tetracyclines is generally high among ani-
mal and meat isolates, with the exception of cattle and beef (Table 16.1). Although 
veterinary use of these antimicrobials does not constitute a direct risk to public 
health since they generally are not used for treatment of human enterococcal infec-
tions, it may favour co-selection of genes conferring resistance to clinically rele-
vant antimicrobials, as hypothesized for quinupristin/dalfopristin and glycopeptides 
(Hammerum et al. 2001; Novais et al. 2005).
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16.2.2 � Patterns of Antimicrobial Resistance in Animal  
and Human E. faecalis

From a contemporary clinical perspective, the only antimicrobial resistance phe-
notype in E. faecalis that could be significantly linked to animal reservoirs is gen-
tamicin resistance, since resistance to ampicillin, vancomycin and linezolid is rare 
or even not detected in animal isolates, (Ghosh et al 2012; Liu et al. 2012; 2013). 
According to recent data, gentamicin resistance is relatively high among clinical 
isolates in Europe (43 %) and in the USA (29 %) (Table 16.2; Kuch et al. 2012). In 
Denmark, gentamicin resistance was reported at comparable prevalence in clinical 
(31 %) and in swine (21 %) isolates (Table 16.1). Similarly, in the USA occurrence 
of gentamicin resistance in poultry meat isolates was 30–34 %, which is comparable 
to values observed in clinical isolates (Table 16.2). These data indicate the pos-
sible existence of an animal reservoir of gentamicin-resistant E. faecalis, though 
linked to different animal sources in different geographical areas. Interestingly, as 
observed for E. faecium, occurrence of gentamicin-resistant strains is significantly 
higher in Danish pigs (21 %) than in pork (2 %) (Table 16.2). These data indicate 
low risk of carcass contamination in pig slaughtering and consequent low human 
exposure to gentamicin-resistant through consumption of pork.

As observed for E. faecium, resistance to erythromycin and tetracycline is wide-
spread among E. faecalis isolates from animals and meat (Table 16.2), possibly as a 
consequence of the massive use of these antibiotics in livestock production.

16.3 � Transmission of Antimicrobial Resistance Between 
Animals and Humans

Transmission of antimicrobial resistance between animal and human enterococci 
may happen through different epidemiological routes and mechanisms. Humans 
are exposed to animal enterococci by direct contact with animals and animal-con-
taminated environments or indirectly, through consumption of contaminated food 
of animal origin and vegetables from crops treated with animal manure. Once ac-
quired, strains of animal origin may transiently colonise the human digestive tract 
and transfer mobile genetic elements (MGE) containing antimicrobial resistance 
genes to the indigenous microflora, including bacteria other than enterococci.

16.3.1 � Foodborne Transmission

Foodborne transmission may result from consumption of contaminated animal 
food products and cross-contamination in the kitchen (Wegener et  al. 1997). E. 
faecium and E. faecalis generally contaminate raw meat and cheese at concentra-
tions of 102–104 and 105–107 colony forming units (CFU) per gram, respectively 
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(Giraffa 2002). The hypothesis that antimicrobial resistant enterococci of animal 
origin could be transferred to the intestine of healthy humans via food is indirectly 
supported by studies describing clonally related strains in meat products and in the 
faeces of meat consumers. Donabedian et al. described closely related gentamicin-
resistant E. faecalis strains in multiple pork samples and one human sample, and 
indistinguishable strains in a chicken meat sample and a human sample in the USA 
(Donabedian et al. 2003). Agersø et al. demonstrated clonal relatedness between 
five vancomycin-resistant E. faecalis (VREFs) from turkey meat and from the in-
testine of healthy humans in Denmark (Agersø et al. 2008). Finally, in an additional 
study from Denmark, Hammerum et al. described the detection of highly related 
vancomycin-resistant E. faecium (VREFm) isolates in pig samples and in the in-
testine of a healthy human who reported no contact with pigs but had eaten pork 
(Hammerum et al. 2004).

Evidence that animal enterococcal strains occurring in food have the ability to 
colonise the human intestine for a variable time period has been shown by experi-
ments conducted on healthy human volunteers. In an experiment performed on him-
self, Berchieri established that a minimum concentration of 107 CFU of VREFm 
of poultry and pig origin was necessary to be able to isolate the same strain from 
faeces for a period of 20 days (Berchieri 1999). Sørensen et al. demonstrated that 
VREFm from poultry meat and quinupristin/dalfopristin-resistant E. faecium from 
pork ingested at 107 CFU could be detected in the faeces of 8 out of 12 volunteers 6 
days after ingestions, at different concentrations (Sørensen et al. 2001). One out of 
12 volunteers excreted the strain also 14 days after ingestion (Sørensen et al. 2001). 
In a similar experiment, Lester et al. demonstrated that animal VREFm transiently 
colonising the human gut could transfer vanA to resident commensal E. faecium 
strains in three out of six volunteers, indicating that occurrence of VREFm in food 
may result in transfer of vancomycin resistance to consumers (Lester et al. 2006). 
Recently, Al-Ahmad et al. showed that foodborne E. faecalis could integrate into 
dental oral biofilm in 5 out of 6 volunteers for at least 5 days, indicating a potential 
risk for endodontic infections that may evolve into bacteraemia (Al-Ahmad et al. 
2010).

In conclusion, based on the current knowledge, ingestion of antimicrobial resis-
tant enterococci of animal origin can result in colonisation of the human digestive 
tract for a variable time, likely depending on the numbers of enterococci ingested as 
well as on host factors, and exchange of MGEs containing antimicrobial resistance 
genes with the indigenous microflora.

16.3.2 � Transmission via Direct Contact with Food Animals

Farm and slaughterhouse workers and veterinarians are the main categories at risk 
for this transmission route, since they are daily exposed to high numbers of ani-
mals. High density of animals and animal excreta implies also a high load of fae-
cal bacteria in farm environments. Various studies showed that genetically related 
antimicrobial resistant enterococci can be isolated from animal faeces, insects, dust 
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and air inside and in proximity of farms, which indicates the existence of multiple 
sources of human exposure to animal enterococci (Graham et al. 2009; Ahmad et al. 
2011; Braga et al. 2013; Novais et al. 2013). Evidence of human infections caused 
by antimicrobial-resistant enterococci transmitted by direct contact with production 
animals is limited. Das et al. reported a VREFs-infected wound in a worker who 
was injured while working at a factory packaging chickens (Das et al. 1997). The 
strain isolated from the wound had the same resistance profile as isolates from the 
factory and the patient had no risk factors for a VREFs infection, strongly support-
ing animal origin of the infection (Das et al. 1997).

Different studies reported occurrence of genetically related enterococci strains 
displaying specific resistance phenotypes in the faeces of animals and healthy farm 
workers. VREFm clones shared by turkey, turkey farmers and turkey slaughterers 
and by broiler and broiler farmers were detected in The Netherlands and in Norway 
(van den Bogaard et al. 1997b; Simonsen et al. 1998; Stobberingh et al. 1999; Jen-
sen et al. 2003). Clonally related quinupristin/dalfopristin-resistant E. faecium were 
isolated from a poultry farmer and his animals in The Netherlands (Jensen et al. 
1998). Closely related plasmids and indistinguishable Tn1546 variants harbouring 
vanA have been reported in genetically unrelated VREFm isolated from poultry 
and workers within farms (Stobberingh et al. 1999; van den Bogaard et al. 2002; 
Sletvold et al. 2007), suggesting that vanA of animal origin may be horizontally 
transferred to the intestinal microbiota of farm workers.

16.3.3 � Transmission via Direct Contact with Companion Animals

A role of companion animals as reservoirs of antimicrobial-resistant enterococci 
was first hypothesized in 1996, when van Belkum et al. discovered that 17 % of 
dogs and cats examined harboured VREFm while the incidence among people liv-
ing in the same area was 2–3 %, and that VREFm isolates from a dog, a cat and a 
human carrier were indistinguishable by pulsed-field gel electrophoresis (PFGE) 
(van Belkum et al. 1996). The authors concluded their article by raising the ques-
tion, “which dog poses a greater risk to the postman: the one that barks or the one 
that wags its tail?” (van Belkum et  al. 1996). Companion animals represent po-
tential sources of antimicrobial-resistant bacteria, since they live in close contact 
with their owners and are often administered antimicrobials belonging to the same 
classes used for treatment in humans (Guardabassi et al. 2004; Jackson et al. 2009). 
Antimicrobial resistant enterococci can be isolated from different animal body sites 
and from faeces, which may represent a source of contamination of domestic and 
urban environment (Jackson et al. 2009; Ghosh et al. 2011). Ampicillin-resistant 
E. faecium (AREF) were detected in a considerable proportion of dogs and cats in 
different European countries, being present in 23 % (of 183), 30 % (of 79) and 76 % 
(of 25) of dogs in the UK, The Netherlands and Denmark, respectively, and in 13 % 
(of 85) of cats in The Netherlands (Damborg et al. 2009; de Regt et al. 2012). In 
addition, VREFm were detected in 1.4 % (out of 71) and 13 % (out of 87) of dog 
faeces samples examined in Portugal and Spain, respectively (Herrero et al. 2004; 
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Poeta et al. 2005). Occurrence of VRE in dogs was reported also outside Europe. 
The first VREFm reported in a dog in the USA was shown to harbour a mutated 
form of Tn1546 described in human patients (Simjee et al. 2002). A VREFs from a 
dog with mastitis displayed a PFGE profile prevalent among human isolates in New 
Zealand (Manson et al. 2003). These studies suggest that VRE and vanA may be 
exchanged between humans and dogs, but the importance and prevalent direction 
of this transmission route is difficult to assess.

16.4 � Genetic Links Between Clinical and Animal Strains

Even if it appears plausible that antimicrobial resistant enterococci of animal origin 
reach the digestive tract of humans and transfer resistance genes to human-adapted 
strains, the human health consequences associated to this biological phenomenon 
are controversial. This section reviews the current knowledge of the genetic simi-
larities between clinical and animal strain populations of E. faecium and E. faecalis. 
This information is of paramount importance to assess the risk of zoonotic transmis-
sion.

16.4.1 � Genetic Links Between Clinical and Animal E. faecium

Based on multilocus sequence typing (MLST), lineages 17 (which include, among 
others, sequence types ST16 and ST17), 18 (ST18) and 78 (ST78 and ST192) are 
the most important epidemic lineages associated with nosocomial infections world-
wide (Willems et al. 2012). These hospital-associated lineages are generally char-
acterised by ampicillin resistance and are particularly enriched in genes encoding 
colonisation and adhesion factors, which likely play a role in virulence (Somara-
jan and Murray 2013). Animal strains rarely overlap with the hospital-associated 
lineages, with the notable exception of canine E. faecium strains. Indeed, AREF 
belonging to the hospital-associated ST78 and ST192 are frequently detected in 
dogs, but they generally lack genes encoding putative virulence factors (Damborg 
et al. 2009). Thus it appears that animal and clinical E. faecium strains constitute 
two distinct subpopulations in relation to ampicillin resistance and occurrence of 
putative virulence factors. Similar conclusions have been drawn for VREFm. The 
population structures of E. faecium isolated from human patients and animals are 
generally diverse, and overlap only sporadically (Woodford et al. 1998; Jung et al. 
2006; Biavasco et al. 2007; Donabedian et al. 2010; Freitas et al. 2011a; Hammerum 
2012; Tzavaras et al. 2012; Getachew et al. 2013). Among lineages of clinical rel-
evance, there are single reports of vanA-positive VREFm ST132 (related to ST18) 
in swine in Portugal, vanA-positive VREFm ST78 in rabbit meat, and vanB-positive 
VREFm ST17 in chicken meat and veal in Spain (Lopez et al. 2009). VREFm lin-
eages grouped in clonal complex CC5, which are common among porcine strains of 
diverse geographical origin, have been sporadically reported as a cause of urinary 
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tract infections in hospitalised patients (Freitas et al. 2011a). These findings sug-
gest that animal VREFm strains have a limited zoonotic potential, as further sub-
stantiated by recent evolutionary studies based on comparative genome analyses, 
which conclusively showed that animal and clinical strains, although evolutionary 
linked, constitute different subpopulations or clades that diversified mainly through 
recombination and acquisition or loss of MGEs and eventually adapted to different 
ecological niches (van Schaik et al. 2010; de Regt et al. 2012; Galloway-Peña et al. 
2012; Willems et al. 2012; de Been et al. 2013; Lebreton et al. 2013).

16.4.2 � Genetic Links Between Clinical and Animal E. faecalis

Also in E. faecalis, few genetic lineages, namely CC2, CC16 and CC87, are particu-
larly enriched among nosocomial isolates and associated with multidrug resistance. 
However, differently from E. faecium, these hospital-associated clones are phyloge-
netically closely related to human commensal and animal strains indicating the ab-
sence of a clear boundary between clinical and non-clinical strains (McBride et al. 
2007; Willems et al. 2011; Palmer et al 2012). CC2 strains including the epidemic 
VREFs clone ST6 are frequently associated with nosocomial infections and have 
sporadically been reported in animals such as pigs and natural gilthead seabream 
( Sparus aurata, a saltwater fish species) in Portugal and crows in the USA (Mc-
Bride et al. 2007; Freitas et al. 2009; Freitas et al. 2011a; Barros et al. 2012; Kuch 
et al. 2012; Oravcova et al. 2013). Similarly, CC87 strains are associated with noso-
comial infections (especially in Poland), but have not been described in animals to 
date (McBride et al. 2007; Kuch et al. 2012; Getachew et al. 2013). Therefore, the 
genetic link between animal and human E. faecalis seems to be weak for these two 
lineages. Interestingly, the ecology of CC16 is different and this lineage appears 
to have a broad host spectrum, since it is well represented both among clinical 
and among non-clinical isolates (Ruiz-Garbajosa et al. 2006; Willems et al. 2011). 
In a recent study examining 386 contemporary human E. faecalis from hospital 
and community sources in six European countries, ST16 (the presumed founder 
of CC16) strains represented 11 % and 15 % of the total hospital and community-
associated strains, respectively (Kuch et al. 2012). Half of the ST16 strains from 
each source displayed gentamicin resistance, suggesting that gentamicin-resistant 
strains causing up to 6 % of nosocomial infections may be acquired in the commu-
nity (Kuch et al. 2012). Notably, ST16 was found to be highly predominant among 
gentamicin-resistant E. faecalis isolated from pigs and pork in Denmark in 2001–
2002, and represented 9 % of 22 E. faecalis isolates from endocarditis patients in 
the same country in 1996–2002 (Larsen et  al. 2010). These porcine and human 
strains were shown to be closely related also by PFGE, strongly suggesting a link 
between gentamicin-resistant E. faecalis ST16 in pigs and human patients in Den-
mark (Larsen et al. 2010). Gentamicin-resistant ST16 has also been associated with 
nosocomial infections in Cuba, with urinary tract infections and poultry in Vietnam, 
and with swine and poultry in Portugal (Freitas et al. 2009; Quinones et al. 2009; 
Poulsen et al. 2012; Novais et al. 2013). To the best of the authors’ knowledge, the 
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genetic background of gentamicin-resistant strains frequently isolated from poul-
try meat products in the USA (see Sect 2.2) has not been investigated. Multidrug-
resistant ST16 displaying additional resistance to linezolid have been reported in 
patients in Greece and Thailand (Spiliopoulou et al. 2011; Diaz et al. 2012), and 
vancomycin-resistant strains have been isolated from American crows (Oravcova 
et al. 2013). Altogether, it appears that the genetic link between clinical and animal 
E. faecalis mainly concerns this clone.

16.4.3 � Genetic Links Between Mobile Genetic Elements  
in Clinical and Animal Enterococci

Exchange of MGEs carrying antimicrobial resistance genes may represent an ad-
ditional genetic link between animal and clinical strains. The possible existence of 
this genetic link is suggested by the fact that most genes conferring resistance to 
clinically relevant antibiotics are transferrable and indistinguishable MGEs have 
been detected in animal and human strains (Hegstad et al. 2010; Werner et al. 2013). 
Transferability of MGEs from animal to human enterococci strains has been dem-
onstrated in vitro and/or in animal models, including transferability of gentamicin 
resistance in E. faecalis and of ampicillin, gentamicin and vancomycin resistance 
in E. faecium (Lester and Hammerum 2010; Ghosh et al 2011; Sparo et al. 2012; 
Novais et al. 2013). A recent study showed that at least half (18/36) of the VREFm 
strains isolated within the same hospital in the USA in the period 1998–2009 had 
acquired the vanB-containing Tn1549 via independent insertion events, indicating 
de novo generation of VREFm rather than cross-transmission, presumably medi-
ated by transfer of this resistance determinant from gut anaerobic bacteria (Howden 
et al. 2013). Analysis of polymorphisms in MGEs harbouring resistance genes can 
be a useful epidemiological marker, since specific mutations in transposons and 
resistance genes have been associated with different animal species. For example, a 
point mutation (G to T) in vanX in Tn1546 has been consistently associated with E. 
faecium isolated from poultry (G) and pigs (T), while both types occur among hu-
man clinical isolates (Jensen 1998; Hammerum 2012). Similarly, different erm(B) 
alleles occur at different frequencies among macrolide-resistant E. faecium isolates 
from pigs and poultry, and all variants are present among isolates from healthy 
and diseased humans (De Leener et al. 2005). These data suggest that animal and 
clinical E. faecium exchange MGEs carrying antimicrobial resistance genes, but 
the extent of this mechanism of zoonotic transfer remains unknown. In this regard, 
it is of paramount importance to implement sequence-based methods for typing of 
enterococcal plasmids allowing reproducibility, transportability, and comparability 
of data via the Internet, such as those developed for Gram-negative bacteria (Jensen 
et al. 2010). The risk of horizontal transfer of resistance genes between animal and 
human strains has not been thoroughly investigated in E. faecalis and it would be 
particularly interesting to compare the MGEs associated with gentamicin resistance 
genes in animal and clinical isolates.
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16.5 � Concluding Remarks

Enterococci are among the leading causes of serious human infections like bacter-
aemia and endocarditis. These infections are generally treated empirically and the 
consequences of treatment failure may be fatal to the patient, if infection is caused 
by a strain resistant to first line agents. By this chapter, the authors made an attempt 
to evaluate to what extent resistance problems in human enterococcal infections are 
attributable to strains and MGEs of animal origin. The authors’ conclusion is that in 
general clinical E. faecium strains are not directly linked to animal sources, whereas 
the boundary between animal and clinical E. faecalis strains is not well defined. A 
clear overlap is evident for multidrug-resistant E. faecalis ST16, which has been 
associated with both human patients and animals, particularly pigs. Further detailed 
population genetic analysis of E. faecalis is needed to evaluate whether this and 
other clones shared by humans and animals might favour transfer of antimicrobial 
resistance from farms to hospitals.

Even though resistance genes of clinical relevance have been widely reported in 
enterococci isolated from animals, comparison of data on prevalence of antimicro-
bial resistance in animal, meat and human clinical isolates indicates that zoonotic 
risks associated with horizontal gene transfer from animal to human enterococci 
greatly differ depending on geographical region and are restricted to specific types 
of resistance and animal sources. The major risk seems to be associated to horizon-
tal transfer of gentamicin resistance genes through consumption of poultry meat, 
especially in the USA, where resistance to this first line agent is relatively frequent 
in isolates from broiler and turkey meat. Moreover, farm-to-fork transmission of 
gentamicin resistance genes is plausible, since aminoglycosides are used both in 
hospitals and in livestock production, but hardly ever used for systemic antimicro-
bial therapy in the primary health care sector because of parenteral administration 
and high toxicity. A possible poultry reservoir of quinupristin/dalfopristin-resistant 
E. faecium cannot be excluded on the basis of prevalence data. However, the lack 
of epidemiological data on strains of human and animal origin hampers quantifica-
tion of this zoonotic risk. VRE strains causing human infections are not obviously 
linked to animals as indicated by the fact that they are prevalent in countries where 
avoparcin has never been used in livestock and VRE are rare or absent in livestock. 
Indigenous anaerobes in the patient’s digestive tract seem to be a more important 
source of VanB operons than farm animals. As for VanA operons, farm animals have 
been a reservoir of these vancomycin resistance determinants, as indicated by the 
recovery of indistinguishable Tn1546 variants in clinical and animal VREf isolates. 
However, this zoonotic risk has been significantly reduced by the ban of avoparcin 
and by the consequent decrease of VRE in livestock.

Little is known about the zoonotic risks associated with direct exposure to ani-
mals, including farm and companion animals. The risk of foodborne transmission is 
significantly higher for poultry meat than for other food products of animal origin, 
mainly due to lower hygienic standards and higher risk of carcass contamination in 
poultry slaughtering. Although horizontal transfer of resistance genes from animal 
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to human enterococci has been demonstrated to occur in human digestive tract un-
der in vivo conditions, the magnitude and clinical significance of this phenomenon 
remain unclear. Further insights into the ecology and epidemiology of MGEs car-
rying resistance genes of clinical relevance are needed to clarify the public health 
impact of horizontal gene transfer of antimicrobial resistance from animal to human 
enterococci.
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