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Abstract

Copper, as copper sulfate, is often used as an alternativéetedimntibiotics for growth
promotion in both swine and cattle diets. Gut bacteria exposed to copper can acquire resistance,
which among enterococci is conferred byl@asmidbornetransferable copper resistance gene
(tcrB). The plasmid also carri¢stracycline fet(M)] and macrolide ¢rm(B)] resistance genes.
Because of thgenetic link between acquired copperB) andanibiotic resistance in
Enterococcuspp., we hypothesized that copper supplementation may exert selection pressure
for enterococci to become resistant to macrolides and tetracyclines, and possibly to other
antibiotics. We conducted studies in cattle anshewo investigate the relationship between
copper supplementation and the fecal prevalenterBfpositive enterococci, as well as its
potential ceselection for macrolide and tetracycline resistanidee prevalence was highier
animalsfed diets supmmented witrelevated level ofopper compared to normlalvel (P <
0.05) ThetcrB-positive isolates belonged to eitiierfaeciumor E. faecalis;the majoriy was
E. faecium All tcrB-positive isolates also contained betim(B) andtet(M) genes; howesr,
none of them harbored tkanAgene. Median minimuminhibitory concentrationa\IC) of
copperfor tcrB-positive andcrB-negative enterococci were 22 mM and 4 mM, respectirety
0.0001) The overall prevalence efrm(B) andtet(M) genes among entgcoccal isolates of
cattle were 46.8 % and BPo, respectively; in contrast,100% of the swine isola&r® positive
for botherm(B) andtet(M) genes.The transferability of thecrB gene was demonstratbg
filter mating assay. Muliocus variablenunber tandem repeat analysis revealed a genetically
diverse population of enterococci. The finding of a strong association between the copper

resistance gene and other antibiotic (tetracycline and tylosin) resistance determinants is



significant because emteocciarepotential pathogens and have the propensity to transfer
resistance genes to other bacteria in the §be occurrence of vancomycin resistant enterococci
in swine in the US is very rare. Straindoffaeciunpositive forvanA,that confersesistance to
vancomycin, were isolated and characterized from swine f@tesswine gains belonged to

clonal complex 17, a welldapted hospital clone throughout the world.
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0.0001) The overall prevalence efrm(B) andtet(M) genes among enterocotcsolates of
cattle were 46.8 % and BPo, respectively; in contrast,100% of the swine isola&r® positive
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CHAPTER 1 - Antimicrobial Agentsin Food Animal Agriculture:

Use, Resistanceand Alternatives in Swineand Cattle

Introduction

Antimicrobial agents have been widely usethbin human and veterinary medicine for more
than60 yearsn the United States as well as in other countries. Since thatftiateanimal
production has increasingly included larger farms and greater animal densities, requiring a
greater need for dissa management (Mathew et al., 200Fpod animal productionften
involves intensive optimization in every steptloé production process to maximize the
efficiency of production (Aarestrup and Jenser, 2007). The early indicatiansimicrobials
beneicial effects areon production efficiency in poultry and swine were reported by Moore et al.
(1946) and Jukes et al. (1950). Improved health management in modern livestock production has
occurred, in part, due to thiseof antimicrobial products (NRC989). The use of antimicrobial
compounds in food animal production provides demonstrated benefits, including improved
animal health, higher production, and reduction in food borne pathogens in some cdlkew (Ma
et al., 2007). Agriculturalse of antibitics accounts for at least half of antibiotics produced in
the United State<SPI, 2013 Antibiotics or antimicrobials are routinely used in livestock
production to treat and prevent diseases. In addition, subtherapeutic concentrations of
antimicrobias are commonly used as growth promoters in feed and drinking water (Chee
Sanford et al., 2009)In food animal production, the antimicrobial agents are used in one of the

four different ways (Aarestrup, 2005).

1. Therapy: Treatment of infectious and clidigaick animals, preferably with a

bacteriologic diagnosis.



2. Metaphylactics: Treatment of clinically healthy animals belonging to the same flock
or penwith animals with clinical symptoms.
3. Prophylactics: Treatment of healthy animals to prevent diseaspanod where they
are stressed.
4. Growth promotion: Continuous inclusion of antimicrobial agents in the feed to
improve growth.
The use of antimicrobial agents as growth promaseostenjustified in a number of
different ways, but primarily on econaergrounds. Growth promoters are generally
inexpensive, safe, and easy to use and they tend to improve the growth performances in a

constant manner regardless of the husbandry practices (MacKinnon, 1987).

Antimicrobials and Antimicrobial Resistance

Theer m 6ant i mi cr ob icarpauddsvithedtity againbt micraodyanismst o
i.e., bacteria, viruses, fungi, amiotozoa More often, the term is commonly used in reference
to drugs with activity against bacteria (Guidance of Industry # 208;, 2D12). Antimicrobials
includebothnaturally derived and many synthetic agents that are active against a broad range of
microbes (from viruses to parasiteg)ntibiotics, which are a subset of antimicrobialie
derived from a microbial source (e.tungi or bacteria) andreactive against various classes of
bacteria. Antibiotics includeaminoglycosidedyetalactams (e.g., penicillins and
cephalosporins), macrolidesnd tetracyclines. mimicrobialsalsoinclude other agents such as
heavy metal¢e.g., copper and zinc), common disinfectants such as quaternary ammonium
compounds (QACSs), and even lactic acid to name a few examples. Antimicrobial agents are
widely employed in food producirgnimals for growtlpromotion purposes. The antimicrobial

agents meant for production purposes are typically administered via feed or water on a herd or
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flock wide basis and are approved for useshas increasing rate of weight gain or to improve
feed efficiency. Anti mi cr arbalsateferredteasnt f or
onont herapeuticd or O6subtherapeuticd uses.
meant to manage a specific disease that may be ongoing or@toturring (Guidancéor

Industry # 209; FDA, 2012). Antimicrobiadd therapeutic levels are used in food animal

agriculture to treaprevent and controtliseass. Therapeutic uses at a higher dose than

op

T

Asubt herapeuti cdo pur p o eré&edarbyinjectionorandeed The us¢ e r e d

of antimicrobias in feed is a regulated activity under the Code of Federal Regulations, Title 21,
Part 558 (CFR, FDA) accessed at

http://lwww.accessdata.fda.qgov/scsifzdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=558&showF

R=1 Both prophylactic and growth promotion use of antimicrobials have come under increasing

scrutiny in recent years because of concerns over antimicrobial resistance (AMR) among
pathogenic bactermith potentialpublic health consequence@nimal agriculture has been

blamed both for the emergence and for the widespread dissemination of antimi@sistant
bacteria. The use of antibiotics at sub therapeutic concentraasrizeeprohibited in

European Union countriesnce 2007because of concerns about antibiotic resistance (Aarestrup
et al., 2008).

Antimicrobial resistanceeflectsthe ability of microbes to resist the effeof a drug, and the
manifestation ofesistanceccurs when therns a change in bacteriss in effectivenessor any
other agents to treat bacterial infections (Guiddacéndustry # 209; FDA, 2012)In recent
years, the spread of antibiotic resistance determinants among pathogenic, commensal, and
environmental Acteria has reached a global dimensi®he most overt example of evolution
driven by selection is the selection for antibiotic resistance in pathogens (Baquero et al., 2011).

Commensal bacteria such &s,coliandEnterococcuspp. can serve as vectdos the
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transmission of resistance genes between environmental and pathogenic microorganisms
(Martinez, 2009). The accumulation of antimicrobial resistance genes in pathogens has
generated a worldide crisis in the management of infiects disease (Dags, 2007).Thus,

leading to global wide dissemination of antibiotic resistance. Antibiotic resistance continues to
become worse, despite the evmreasing resources devoted to combat the problem (Stokes and
Gillings, 2011). Earlier researchers havedthesized that these antibiotic resistance
determinants are already present in the environment in genetic platforms compatible with both
commensal and pathogenic bacterial pathogens and thus ready to be transferred by horizontal
gene transfer under selext pressure of antibiotics and or antimicrobials. Both ecology and
evolution play a vital role in linking antibiotic resistance and bacterial virulence (Martinez and
Baquero, 2002; Baquero et al., 2011). The emergence of resistance has revealedamalltiple
complex mechanisms by which resistance genes spread across the bacterial kingdom, with
apparent disregard for species barriers. But the bacterial evolutionary response has not been
limited to the acquisition of resistance genes. Bacteria havealstoged means for stabilizing
the resistance phenotype, thhg/artinginitial hopes of reversing resistance by simply reducing
antibiotic usgBaquero et al., 2011)

Experiences from the ban of antibiotic growth promoters in the EU, and from antibiotic
free/organic productiosystems in the USuggest that marked decreases in prevalence of
resistance can be expected for some baesatianicrobialcombinationg@ H. M. Scott) while
others have changed very little (Aarestrup et al., 2001; Bunner 20@Y,). When reductions
are seen, they usually take several years to occur; especially with respect to enteric bacteria
harboring multiple antimicrobialesistance determinants. This illustrates the complexity of the
antimicrobial resistance in bacteriReductions in the use of antimicrobial growth promoters in

the EU has increased the search for alternative feed additives, both to improve the feed efficiency
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and growth rat in food producing animals amal control subclinical and clinical disease.

Finding replacements for antibiotic growth promoters and making key management changes will
play a key role in maintaining animal productivity in their absence. It is unlikely that any single
replacement will be found that Wjprove to beas a panacea forl @urpose and with no

downside The need for multiple alternative feed additives increases with the phasing out or
banning of antibiotic growth promoter use in food producing anin&ie main focus of this
dissertations to evaluate the effect of feedi copper and other feed grade antimicrobials on the
resistance oEnterococcuspp., and its cgelection with other antibiotiasithin cattle and

swine production systems.

Antibiotic Growth Promoters

Antibiotic growth promoter (AGP) is defined as agpaf antibiotics which are
supplemented via feed atls#herapeutic levels to improveeight gain and feed efficiem in
food production animalsGiven the antibacterial nature of AGPs and important role of intestinal
microbiota in host nutrient assimiiah and immune defense, it is widely accepted that the
growth promoting effect of AGPs i&ely mediated through enhanced energy harvest and the
control of gastro intestinal infections due to altered microbiota in the intestine (Dibner and
Richards, 2005) However, the precise mechanisms of AGPs are still largely unknown. It has
been proposed that AGPs may improve animal growth performance by reducing the maintenance
cost of gastrointestinal tract system via reduction of total gut bacteria (Collier2aG8;
Gaskins et al., 2002) or by reshaping the microbial diversity and relative abundance in the
intestine to achieve optimal microbiota for growth (Dibner and Richards, 2005). However, use

of AGPs is associated with the emergence of antibiotic aasibacteria that may be transmitted
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to humansposing a significant threat fmublic health (Marshall and Levy, 2011). Therefore,
development of alternatives to AGPs is an important mitigation strategy for controlling

antimicrobial resistance in foodb@rpathogens.

Antibiotic Alternatives for Growth Promotion in Animals

The need forlternatives to antimicrobialacreased with the phasing out or banning of
antimicrobial growth promotsruse in food producing animal¥o be effective, alternative feed
additives should generate similar benefits as the antibiotics which are currently used as growth
promoters in swine/cattle production. Some of the commonly alssthativesare as follows:

1. Probiotics and competitive exclusion Probiotics are live cultes of microbes, often

lactic acid bacteria but also other bacterial species, which are fed to animals to improve
health and growth by altering intestinal microbial balance. Some of the bacterial cultures
are used specifically for competitive exclusiamich arebacterial culturethatare
allowed to establish in intestinal flotaprevent colonizationf pathogenic bacterighbe
et al., 1995). Probiotimicroorganisms, added to the feed, may protect pigledscalves
from intestinal pathogens by seakpossible mechanisms:
I.  Adherence to intestinal mucosa thereby preventing attachment of pathogens

ii.  Production of antimicrobial compounds such as bacteriocins and organic acids

iii.  Competition with pathogens for nutrients

iv.  Stimulation of intestinal immune nesnses

2. Enzymes The addition of enzymes to febdlpsto increase its digestibility. Studies

reported that average daily growth rate and feed conversion rate increased in piglets

significantly (Baidoo et al., 1998) with enzyme supplementation.



3. Immune modulators: Immunologically active compounds affect the immune system
and enhanchostresistance to diseaagents These substances inclugkdrinsic
antibodies, cytokines, spray dried plasma, and other compounds. The growth promoting
effects of antibdies or other immune active compouhds been reported to benilar
to that of feeding subtherapeutic antibiotics (Coffey and Cromwell, 1995; Chae et al.,
1999).

4. Organic acid: Organic acids are added to the feed to maintain low pH, sthtéhat
digeston of proteins and the populatiohbeneficial bacteria are maximized and harmful
bacteria are inhibited. Diets fed to piglets often have a high buffering capacity, which
can further reduce stomach acidity (Gedek et al., 1982tudy haseported that
organic acids also improve the digestibility and absorption of proteins, minerals, and
other nutrients in the diet (Overland et al., 2000).

5. Essential oils Essential oils (EO) are aromatic, volatile liquids obtained mainly from
plant sources (flowers, dg, seeds, leave, twig, barks, fruits, and roots) that consist of
terpenes and phenylpropane derivatives as their principal components (Janczyk et al.,
2009). Paracelsus von Hohenheim, Swiss reformer of medicine ffBaehéury was
the first one to namihe effective component of dru@iintaessentiabr 6 essenti al
(Cho et al., 2006). EO are known to protect plant tissues against bacteria and parasites.
The composition of EO may vary depending on the species of plants, geographical origin,
and is vegetative stages (Aligiannis et al., 2001; Hudaib et al., 2002). Recently, EO has
been promoted as natural feed additives in many parts of the world since the use of
antibiotic additives has become increasingly controversial (Yang et al., 2010).eEO ar
considered to be one of the more promising alternativesfeethantibiotic growth

promoters in food animal production, and especially so in cattle and swine. EO are
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known to have myriad of beneficial effects in food animal agriculture such as aasacr

in feed intake, secretion of digestive enzymes, immune stimulation, antibacterial,
antioxidant, antiviral and coccidiostatic properties (Wenk, 2003).

. Beta-2- Adrenergic Agonists The adrenergic receptors are members of the superfamily
of cell surfaceeceptos that carryout signaling via coupling to guanine nucleotide

binding proteins (o r ot ei ns) . There are two main

typ

The receptors have two different subtypes,

differentsub ypes, b1, b2, and b3. The b2 recept

in skeletal muscle and lipolysis in adipose tissue (Lynch et al., 1994; Small et al., 2003).
The efficiency and scale of conventional food animal production has been greatly
enhared through the usage of growth promoting agents such as feed grade antibiotics
(Stock et al., 1995). One alternative to antibiotics as growth promoters is the class of
beta2-adrenergic agonists (BAA). BAA, also known as phenethanolamines, are
compoundsimilar in structure to naturally occurring catecholamines such as dopamine,
norepinephrine, and epinephrine (NRC, 1994; Bell et al., 1998; Scramlin et al., 2010).
Ractopamine hydrochloride (RAC) is a Category | BAA which is commonly employed in
food anmals to improve growth performance and carcass characteristics (Pringle et al.,
1993; Crome et al., 1996) by augmenting protein synthesis. RAC is known to improve
growth performance, dressing percent, and carcass leanness (Gu et al., 1991; Crome et
al., 1996). The use of RAC as a means of increasing growth and lean tissue gain is very
well documented in swine (Olayiwala et al., 1990; Watkins et al., 1990; See et al., 2004).
RAC was later approved for use in cattle in the United States in 2003, andrnpilpat

hydrochloride (ZH), another BAA compound, was approved in cattle only in the year

2006 for increased weight gain, improved feed efficiency, and increased carcass leanness
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(AvendaneReyes, 2006) by the US Food and Drug Administration. Zilpaterol
hydrachloride is a Category Il BAA, which functions through increased protein synthesis
and decreasing protein degradation (Mersmann, 1998; Moody et al., 2000).

7. Other feed supplements

a) Minerals: Copper andinc added to pigledietshavesignificantly improwe
average daily weight gain, feed intake, and feed efficiency.

b) Vitamins: Vitamin E supplements are used to prevent wealing diarrhea in pigs
(Lamberts, 1997).

c) Conjugated linoleic acid Conjugated linoleic acid refers to a mixture of isomers
of linoleic aad with conjugated double bonds in the positieh3 Piglets fed
diets with 3% of conjugated linoleic acid known to increase weight gain (Muller
et al., 2000).

d) Phospholipids Lysoforte, a phospholipid product, significantly improved growth
and feedconversion in piglets (Schwarzer & Adams, 1996).

e) Amino acids Supplemenation of limiting amino acittsdiets known to improve
animal performance (Thomke & Elwinger, 1998).

f) Carnitine: Carnitine is synthesized from lysine and methionine in the body.
Carnitine supplementation known to improve daily growth and piglet survival rate
(Lobo, 1999).

g) Carbohydrates: Mainly polysaccharides and fibers from the plants or feed
known to increase weight gain and feed efficiency. The steam flaking process
makes thee feed more digestible and there is lessstarch polysaccharide

passing through the large intestine (Pluske et al., 1996; Medel et al., 1999)



h) Herbs: Herbs are known to contain compounds with antibacterial effects, and also
known to increase the palatiity of diets there by increase feed intake. In
piglets, oregano and a mixture of Aromex known to increase growth and reduce

diarrhea (Mellor, 2000).

Heavy metals

A number of heavy meta(sopper and zindre used in trace quantities in food animal
production to maintain the normal physiology and the health of anirRasistance to
antimicrobials, including heavy metals, is important for bacterial survival in competitive
environments such as the gut luméiten, heavy metal and antibiotic resistargenes are €0
located on the same mobile genetic elements such as plasmids, transposons, and integrons
(Aminov and Mackie, 2007). Therefore, there is a distinct possibility that both natural
(environmental) and artificial (feed supplementation) selegessures imposed by heavy
metals may indirectly select for resistance to antibiotics.

Metalsarei nt egr al constituents of the earthds cr
some meta, even though they are toxic at relatively low doses. pfingary source of heavy
metals in all ecosystems is the underlying bedrock of the planet. Of the 90 naturally occurring
elements, 21 are nanetals, 16 are light metals, and the remaining 53 are grouped as heavy
metals (Nies, 1999). Heavy metals areatsetvith a density above 5 g/émvith most of the
heavy metals containirgnincompletelyfilled diffuse (d) orbital so they can easily give and
take electrons Thus heavy metal cations play an 1 mpo
reactiongNies, 1999). A large number of metals are usdthceamountsn food animal
production to maintaithe normal physiology and healthy status of animals. Two of the trace

elements, copper and zirareoftensupplemented in animal feeilsconcentratias higher than
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their physiological requirement (Hasman et al., 2006). Copper and zinc are essential trace
elements; in addition to their role in the norgedwth of the animal they ald@mve additional
benefits when supplemented in high doses (Hasmaln, 006). In the United States, in
addition to copper and zinc, livestock producers alsdheseonessential metal arsenic as a feed

supplemenin chickers, turkeys, and pigs (Hasman et al., 2006).

Resistance to Heavy Metals

It is necessary to make &stinction between two types of heavy metét®sethat are toxic
per seand thosehatare essential for growth and maintenance, but are toxic in excess (Choudary
and Srivatsava, 2001). Though many of the metals are essential for life, all the redi@tgcar
at some level. Metals with high atomic masses tend to bind stronglyfittesyrioups.

Exceptions to that being, the divalent cations of cobalt, copper, nickel, and zinc are medium
sulfur liking metalsand these metals functi@h low concentratins, but are toxic at high
concentratios. It is necessary to achidvemeostasis of these metals to avoid either metal
deprivation or metal toxicity.

Bacteria do acquire resistance to some of the heavy metals which are physiologically
required. Genely, five mechanisms are proposed for heavy metal resistances in bacteria:

1) Exclusion of the metal by a permeability barrier (Nies, 1992)

2) Exclusion by active transport of the metal from the cell (Nies, 1992; Mago et al.,
1994)

3) Intracellular physicalequestration of metal by bindinggbeins or ligands to prevent
themfrom damaging metadensitive cellular targets (Gilotra and Srivatsava, 1997)

4) Extracellular sequestrations (Diels et al., 1995; Nies, 2G0®)

5) Transformation and detoxification (Rouehal., 1995; Ji and Silver, 1995).
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Copper

Copper isan essential micronutriens, requiredfor the synthesis of hemoglobin and also for
the synthesis and activation of several oxidative enzymes necessary for metabolism (NRC,
1998). Copper is also nessary for the noral immune function of swine and cattl€opper is
an integral part of several enzymes, cofactors, and metalloproteins in biological systems.
copper deficiency leads to poor iron mobilization, abnormal hemopoiesis, and poor
keratinizaion and synthesis of collagen, elastin, and myelin (NRC, 1998). Copper deficiency
signs include microcytic, hypochromic anemia, bowing legs, spontaneous fractures, cardiac and
vascular disorders, and depigmentation (Hill et al., 1983). Copper mayibd sapplemented
in excess or when dietary levels exceeding 250 ppm are fed for extended periods of time (NRC,
1998). Copper toxicity signs include depressed hemoglobin levels and jaundice, mainly because
of the excess copper accumulation in the livet ather vital organs.

Supplementalapper level of 5 ppm in the diet is sufficiend meet basal requiremerits
neonatal pigs (Okonkwo et al., 1979; Hill et al., 1983). Earlier studies have reported that 60 ppm
of copper fed to sows improved pigleeight at birth and at weaning (Lillie and Frobish, 1978).
Copper can be used in the diet of piglets as copper sulfate, carbonate, and chloride salts
(Cromwell et al., 1998). Copper, whiad at the rate of 1050 mg/kg as copper sulfate is
known to stmulate growth in pigs (Barber et al., 1955; Braude, 1967). In cattle, copper is
included at concentrations of {i8asal levelfo 100(growth promotion leveling/kg of diet to
reduce mortality and morbidity in calves and for growth promotion in feedie (NRC,

2000). The mechanism through which copper promotes growth reraakrsown.
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Use of Copper as a Growth Promoter

In livestock, copper requirements aftenmet by inclusion of coppeas copper sulfate, as
part of a multimineral supplemennithe diet. Inclusion of copper diets atelevated
concentrationsparticularly in cattle and swinbasdocumentedrowth promotion effects
(Hasman et al., 2006 Copper as copper sulfate, in deedf weaned pigletBraude, 1967and
cattle dies (NRC, 2000)has been known to exert growth promoting effe@epper at high
concentrations haantimicrobial activity primarily due the production of free hydroxyl radicals
by copper ions that block fational groups of proteins and enzynigsibit or alte synthesis of
nucleic acids, and modify bacterial cell wall synthesis (Gant et al., 2&ar)er studies have
focused on either the growth stimulating effects of copper on daily gain or feed efficiency or on
the microbial ecosystem in the gut mainig the effects on the fecal micro flora (Fuller et al.,
1960; Kellogg et al., 1964ensen, 1998 However, ncstudy hashowna definitivelink
betweerthe effects of copper on the micro flaadgrowth promotion.Despite this, it is
generally accepteithat the action of copper is attributalie its antimicrobial activity Hf jberg
et al.(2005)hasshown thaelevated levelsf copper inhibitcoliforms. Li et al. (2006) and
Shurson et al. (1990) fourapositive effect of high dietary copper on dagiwowth rate and feed
conversion rate. Copper supplementation is known to reduce the crypt depth in the duodenum of
10- day- old piglets after weaning artdnds tancreasedhevillous height of the jejunum (Zhao
et al., 2007). Tis latter study also shaedanincrease in growth rate and feed intakelose
responsencreased amount of copper in the diet. The growth stimulating effect of feeding
pharmacological concentrations of copper to swine is well documented (NRC, 2005). Generally,
the response of @anling pigs to growth promoter is more pronounced in conventional farm

nurseresthanin experimental nurserié€offey and Cromwell, 1995; Zhao et al., 2007). This
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may be suggestive of differenceshiygiene anganitation and subclinical pathogen expes

betweerfarm typegLe Floch et al., 2006).

Copper Homeostasis

Copper is an essential micronutrient for both prokaryotes and eukaryotes. The biological
properties of copper are attributed to its transition state. Generally, copper exists in two
oxidation states, CuCopper 1) and CU (Copper Il). Free copper ions (copper II) are stable in
neutral, aqueous solutions exposed to atmosphere, while copper (1) ions can only be maintained
in solutions akvery acidic pH oelsein a complexed formBecause of its two oxidation states,
copperparticipates in biological redox reactions, thereby taking up and releasing electrons.
However, copper homeostasis has to be tightly regulated, becaissggttoxic to the cells
(Solioz and Stoyanov, 2003T.hemechanism of copper toxicity sill not fully understood.

Copper toxicity occur via Fentontype reaction leading to the production of hydroxyl radicals
(OH).
Cu*+H,;0,=Cu**+ OHZ + OH

These hydroxyl radicals (OHare highly reactive, whh in turn damagbacterial cell
phospholipids, enzymes, may attack DNA bases preferably guanine residues, and break
phosphodiester bonds (Yoshida et al., 1993). For the safe management of intracellular copper
concentrations, both prokaryotes and euk&aybiave developediriety ofhomeostatic

mechanisms.

Copper homeostasis irfGram-positive bacteria Enterococcus hirag

Copper homeostasis Enterococcus hiraes one of the best understood prokaryotic
homeostasis systems (Solioz et al., 1994; Wundfexland Solioz, 1999). Copper homeostasis
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in E. hiraeis maintained and regulated ayour gene operorthecopYZABoperon (Fig. 1.1).

The extracellular copper reductase converts Cu (ll) to Cu (1), théaebitatingthe supply of

Cu | totheCopA protén. The CopA (727 amino acids) protein takpscopper when copper is
limited and is encoded Ithe copAgene. The CopB protein (745 amino acids), codedthg
copBgene, extrudes copper when it reachtsxic levek. Both CopA and CopB act as copper
transporting ATPases. Inside the cell, copper is transported via CopA ATPses to CopY (145
amino acids), which acts as a repressor and regulates the expression. CopZ protein (69 amino
acids), acts as copper chaperone, which helps in intracellular dediveopper from CopA to

CopY (Odermatt et al., 1993; Odermatt and Solioz, 1995; Magnani and Solioz, 2005; Solioz and
Stoyanov, 2003).

Cu - Cu Cu
Cu Cu
Cu

CopZ ‘

o/ \

.(—l colecopZ | copA I copB

copYZAB Operon

Figure 1.1: The cop operon and copper homeostasisniterococcus hirae
(Adapted fromSolioz and Stoyanov, 203

The heavy metal ATPases contaaspartic acid of the universally conserved sequence
DKTGT in the oOphosphorylation domaind, which
name Ptype ATPases (Pedersen and Carafoli, 1987). The copper transporting ATPases, CopA
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and CopB, belong to this class otype ATPases (Lutsenko and Kaplan, 1995). Because of

their characteristic phenomenon of possessing intramembranous CPC or CRHahbé&avy

metal ATPases, these are also called ast@px ATPases (Solioz and Vulpe, 1996). Copper
ATPases are surprisingly conserved from bacteria to humans. The distinguishing CPC/CPH or
SPC motifs of the CRiype ATPases are located in the midoflenembrane helix at the most
conserved structure of these ATPases. All these ATPases have conserved cysteine and proline in

the motif (Solioz and Stoyanov, 2003).

Copper resistance inGram-positive bacteria

Copper resistance the grampositive bacteum, Enterococcus hiraeoccurs through the
efflux mechanisms mediated bytype ATPases. B/pe ATPases are the ion pumps that carry
out many fundamental processes in biology and medicine, ranging from the generation of
membrane potential to muscle caution and the removal of toxic ions from cells (Kuhlbrandt,
2004). Ptype ATPases are ubiquitous and present virtually in all living organisfembers of
P-type ATPases carry putative heavy metal binding sites in the polar-&enmimal region, and
have conserved intramembrane CPC, CPH or CPS si{ci?x motif), hence the name CGBjpe
ATPasesthey alsocontairs aconserved histidingroline dipeptide (HP locus), which has 33 to
43 amino acids carboxgrminal to the CPx motif, and possess uniqueneic topology of
membrane spanning proteins.

Copper resistance thegrampositive bacteriuminterococcus hiradhas led to the
discovery of two putative copper transporting ATPasepAandcopB. However inthecase
of gramnegative bacteria sucls &. coliandP. syringaethere is no evidence for ATP driven
copper transport (Solioz et al., 1994). Hasman and Aarestrup (2002) have identified a gene

responsible foa strongcopper resistance phenotype; a large plasmid (175 kb) was isolated from
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acopper resistank. faeciunpig isolate (A17svl). The plasmid also consgyanes for
glycopeptide and macrolide resistanftether he transferability of the plasmid was confirmed
by conjugation assay. The sequence homology and constructed DNA lilweaieckthat the
part of the open reading frame had a strong homology to a previously sequenced géme from
E. colicoding protein (HRAL) of the CPx type ATPase family (Trenor, et al., 1994). These
studies gave a solid foundation to sequence the opedmgeframe ¢rf710), which codes for a
putative protein of 710 amino acids showing 92% identity to the -HRAidden inReading
FrameAntisensel) protein and 46% identity to the CopB proteirEohirae

The close homology dhetcrYAZBoperon to theopYZABoperon makes the structural
relationship evident, and gives an indication of the function of the plasecuatedtcrYAZB
genes within the cell; howevehg origin of the operon remains elusive. The organization of
genes irtcrYAZBis different fron that ofcopYZABoperon. ThecrZ gene intcrYAZBis located
betweertcrA andtcrB genes, whereaopZis located between the repressopYandcopAin E.
hirae. Evolutionary evidence suggests that locatiooapfZgene after theopAgene can be

seenamong the coppdromeostasis genes froBtreptococcus mutasdS. gordonii

tcrYAZB Operon

The plasmid localizettrB (transferable copper resistance gene B) gene Eofaeciumand
E. faecaliswas identified to be a part of an operon called¢h€ZAB operon. The genetic
organization of thécrYZABoperon (Fig. 1.2) is similar to tlewpYZABcopperhomeostasis
gene cluster fronk. hirae(Hasman, 2005who first characterized ther gene operon.
Sequence studies of the flanking regaf the putéive promoter and the repressor binding sites

revealed strong homology to the well characterized ceppereostasisopYZABoperon from
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E. hirae By analogy to th&. hiraecounterparts, the genes are thus namedr#stcrA, tcrZ,

andtcrB.

IS1216E
terY  tad  tal  taB Transposase

Figure 1.2: Organization ofcrYAZBoperon including the flanking regionskmterococcus

faecium

The first gene of the operoterY, has 453 bp encodirfigr a 151 amino acigutative protein
called TcrY. TcrY is hmologous tdhe CopY repressor frori. hirag and consists of
CXCX4CXC in the CGterminal part of the protein. This domain has been known to contain zinc
and copper binding domains common to all Céi¥é repressors (Lu and Solioz, 2002), which
indicates hattcrY is responsible for expression control of the operon. t@itfegene encodes for
aputative coppemflux CPxtype ATPase called TcrA, made up of 2,433 bp &t amino
acids ThetcrZ geneis 204 bp in length, which encodes a putative chaperwosteip called
TcrZ with 68 amino acids, with homology to other copper chaperones, including CopE from
hirae. ThetcrB genethelast gene of th&crY AZBoperon encodes foa copper efflux pump,

TcrB protein homologous to CopB fror. hirae The clos homology to theopYZABoperon
from E. hiraegives evidence of structural relationship, and also an indication of the function of
the plasmiebornetcrYAZBgenes wihin the cell; howevetigin of the operon remains elusive,

as the order of the genesist the same as tle®pgenes okE. hirae
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Table 1.1: Nucleotide and protein identities (%) between the genetic elementstofYA&ZB
and thecopYZABoperons oE. hirae

Genes DNA Protein
Peop VS Rer 70.0 NA
copYvstcrY 56.2 44.4
COpAvVStcrA 51.9 49.3
copZvstcrZ 42.7 27.5
copBvstcrB 56.9 46.3

The nucleotide and protein identities betweent¢héAZBoperon and theopYZABoperon
of E. hiraeare shown above (Tablel). The truncated IS$ type transposase was located
upstream of thécr promoter, and an I$216Eelement was located downstream of the tour
genes, indicating the termination of the operon. This was further supported by the fact that
intergenic region betwednrB and the 1SL216Econtained a strong dyad symmetry region
which can form a loop structure and function asafactorindependent transcriptional
terminator (Hasman, 2005).

Acquiredcopper resistance, mediatedtbyB gene, inE. faeciumwas strongly correlated to
macrolide and glycopeptide resistance in isolates from pigs, ancrBigene was shown to be
located on the same conjugative plasofid75 kb Copper resistance . faeciunmsolates of
both animal and human reservoirs was genetically linked to maeratid glycopeptide

resistance ic. faeciumsolates from pigs (Hasman and Aarestrup, 2002).
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Antimicrobial Use and Resistance Associateglith Swine Production

The use of ifeed antimicrobials for growth promotion and disease prevention is an integral
part of swine production and management. In the US, antimicrobial feed additives are
commonly used in 90% of nursery, 75% of grower, and more than 50% of finisher pigs (Apley et
al., 2012). According to NAHMS (USDAAHMS, 2005), 92% of thewinefarms suveyed
use antibioticsmost delivered through feed. More than 85% of the farms usieg:ah
antibiotics in the grower or finisher phase. However, recent changes in the swine industry and a
growing concern over the ndgherapeutic use of antimicrobialdpng withchanging trends in
therapeutic and netherapeutic regimenmay have caused a change in the overall use of
antibiotics, particularly in grower or finisher units (Cromwell, 2001; Dritz et al., 2002). A link
between antibiotic use in swine amglieased prevalence of resistant bacteria has been
demonstrated through several studies (Mathew et al., 2001; Mathew et al., 2005). These studies
have shown significant increase of resistance in the gut flora following the use of antibiotics, and
also hae shown that the rapid reversion of susceptibility in commensal microflora following the
drug withdraval may also occur in some cases, but it dependseotyple of antibiotics.

Any usage of antimicrobials, even in subtherapeutic concentrations, will &®le
antimicrobial resistance. Studies have shown that antimicrobial resistant bacteria and
antimicrobial resistant genes are exchanged between both human and animal reservoirs (Mathew
et al., 2007). The termination of the use of antimicrobial gromamptes increasethe need
for other feed additives or alternatives to control disease outhi@adk to improve the growth
ratesin food producing animalsOften, heavy metals such as copper and zinc are utilized for
these purposes, as they possess datimicrobial as well as growth promotion properties.

These heavy metals are shoften employed during the first week of weaning, in piglets to
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control diarrhea or scouringnd to improve the performance of piglets. Piglets are subjected to
manystresorsat weaning. Theidt changeslongwith the shift from sow milk to a diet

composed of ceregrairs supplemented with protesources, such as soybean meal, skiitk
powder, and or fish meal. These diets are normally supplemented with mineraitsamas
according to current recommendations (NRC, 1998). Antibiotics and other alternatives like
copper are extensively used in swine production to improve growth and nutrient utilization. It is
generally hypothesized that the altered gut micro flenr@sponse to #eed usage leads to
improvement in growth and efficiency of feed utilizatiohntimicrobials also could act by

inhibiting the growth of opportunistic gut pathogens in animals (Kim et al., 2012). Copper
promotes growth of piglets indepesd of growth promotion by antibiotics (Cromwell, 1998).
Chlortetracycline and tylosin are the most commonly usdedad antibiotics for growth

promotion at subtherapeutic dose in the swine industry (Dritz et al., 2002). Chlortetracycline
with broad spctrum activity is used to treat or control respiratory and enteric bacterial
infections. Tylosin, a macrolide antibiotic is used to treat or prevent swine dysentery, and other
bacterial infections, including arthritis, ileitis, and erysipelas in swimgz et al., 2002). The
supplementation of these antimicrobi@dblortetracycline or tylosindlong with coppehas been
shown to increase feed intake, growth rate, and feed efficiency indicating that the effects of
copper and antibiotics are additivetghly et al., 1980). The talbainformation on the FDA

approved antimicrobials which are commonly used in swine produstgitown in &ble1.2.
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Table 1.2: FDA approved antimicrobial feed additiveSswine intended for improved growth

rate and feed efficiency

Antimicrobial

Inclusion level

Withdrawal time (Days)

Arsanilic acid

Bacitracin
i) Methylenedisalicylate

i) Chlortetracycline (CTC)

i) Zinc

Bambemycins

Carbadox
Chlortetracycline
Chlortetracycline
Sulfamethazine +
Procaine Penicillin
Lincomycin
Neomycin/Oxytetracycline

Oxytetracycline

Roxarsone

Tylosin

Tylosin / Sulfamethazine

Virginiamycin

45-90 g/tonof feed

Nursery pigs: 1680 g/ton

Grow to finish pigs: 250 g/ton

Bacitracin @ 1680 g/ton
CTC @ 400 g/ton

10-50 g/ton
2-4 gl/ton
10-25 g/ton
10-50 g/ton
100 g/ton
100 g/ton
50 g/ton
20 g/ton
10-50 g/ton
10-50 g/ton

22.7-34.1 g/ton
Growing aml finisher pigs

Nursery pigs @ 2A00 g/ton
Growers @ 26810 g/ton
Finishers @ 120 g/ton

100 g/ton

5-10 g/ton

To maintain feed efficiency i
the presence of atrophic rhinitis

5
0; not for use in swine
weighing more than 250 Ib
0

0

0
0
42

Voluntary withdrawal to meet
market needs

7

(Adapted fom Jacela et al., 2009; Feed Additive Compendium, 2014)
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Antimicrobial Use and Resistance Associatedith BeefCattle Production

Feedlots provide a focal poifdr development and dissemination of antimicrobial resistance,
due to high density housing ofiarals and usage of various antimicrobials. Generally, more
than 80% of the feedlots in the US use antimicrobials for growth promotion or prophylaxis
(McEwen and Fedork&ray, 2002). Feed grade antimicrobials are supplemented in feedlot
cattle diets to pmote growth, improve feed efficiency and to reduce the incidemdeeverity
of respiratory infections, foot rot, and liver abscesses (Nagaraja, 1995; Butaye et al., 2003).
Tablel1.3 gives information on the FDA approved antimicrobials intended forawgat growth
rate and feed efficiency in feedlot cattle. In cattle, tylosin is included in the feed to reduce the
incidence of liver abscesses (Nagaraja and Chengappa, 1998). The belotv4pgleds
information on the FDA approved antimicrobials useg@revent liver abscesses in feedlot cattle.
Tetracyclines (chlortetracycline and oxytetracycline) are also widely used in feedlot cattle for
improved growth rate and feed efficiency, to prevent liver abscesses, to treat bacterial enteritis,
and for thecontrol of respiratory disease associated with transportation stress (Nagaraja, 1995).
Copper, generally as copper sulfate, is supplemented in the diet at a concentratita@®f 10
mg/kg (NRC, 2000). The effexdf these antimicrobials on the suscepitypiof both commensal
and foodborne bacterial speci@seheavily debated antlve potentially important
ramifications for food safetyAn aspect of food safety is the emergence in and dissemination of
antimicrobial resistance from fodabrne bacteriaThere is a potential public health hazard from
these antimicrobial resistance pathogens and commensal organisms to disseminate to humans via
direct contact with animals (Price et al., 2007; Call et al., 2008) or through food chain (Silbergeld

et al., 2008 Because Hieed antimicrobials provide a continuous selective pressure, it is not
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unreasonable to believe they have an effect on the susceptibility of bacteria with which they
associate; studies examining the effect of removirig&a antimicrobials o bacterial
susceptibility from feedlot cattle are not abundant. The potential for selection and expansion of
AMR bacteria is as germane today as it was six decades ageel€dtion of AMR traits is an
obvious case whereby AMR traits are geneticalligdohso that selection of one antibiotic
resistance trait maintains the unrelated AMR trait (Borgen et al., 2002). Similar genetic linkages
have been described for heavy metal resistance (Hasman and Aarestrup, 2002; Hasman et al.,
2006; Amachawadi et aR011 & 2013).

The National Antimicrobial Resistance Monitoring System (NARM#)ichwas
established in 1996 in collaboration with Food and Drug Administration (FDA), which provides
an early warning system for detecting any change in bacterial resistaraaids or trends

(Accessed atvww.fda.gov/cvm/narms_pg.htinl. T h Guid&nbeRod Isdustry (G-l #

152) adds an additional safety measure to prevent antimicrobial resistance that may result from
theuse of antimicrobial drugs in production animals. On the other hand, the beef industry is
striving very hard to curtail antimicrobial resistance. As a consequence, beef industry has funded
comprehensive research projects to enhance the understandiedgakic science of resistance
development, as well as collect information on the effects of beef production practices on

resistance development in foodborne pathogemsy beefresearch.org Longitudinal studes

that compare effects and levels of antimicrobial use on the prevalence-sel@con of

resistance determinants would be particularly useful for understanding the risks and
consequences of different policy choices for limiting antimicrobial resistéfiement et al.,

2005). Observational studies can also demonstrate associations but are not able to show direct
causal links between antimicrobials and the development of antibiotic resistance at the individual

animal level (Berge et al., 2005). Rech@iAMR in cattle populations may or may not have
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important public health ramifications, but given the uncertainty principle underlying its selection,
efforts are made to reduce AMR populations in production environments (Call et al., 2008).
Major contribding factors such as transient selection, genetic linkage to specific resistance traits,
and the involvement of multifactorial variables contribute to the persistence of AliRtie
production systems. deful management practices can reduce the neeshfionicrobials and

also satisfy the prudent use priple.
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Table 1.3: FDA approved medicated feed additives of cattle intended for improved growth rate

and feed efficiency

Antimicro bial Inclusion level Withdrawal time
(Days)
Bacitracin (zinc) 35-70 mg/head/day 0
Bambermycin 1-4 g/ton (1620 mg/head/day) 0
Chlortetracycline Calves under 250 Ibs: 0.1 mg/lb bo 0
weight/day

Laidlomycin propionate

Lasolacid

Monensin

Oxytetracycline

Virginiamycin

Calves 250100 Ibs: 2570 mg/head/day
Growing cattle over 400 Ibs: 70
mg/head/day

Feedot cattle meant for slaughter: 5 g/t 0
(30-75 mg/head/day)

Pasture cattle meant for slaughter:1HD
mg/head/day

Feedot cattle meant for slaughter: -3® 0
g/ton (250360 mg/had/day)

Pasture cattle meant for slaughter:38D
mg/head/day

Feedlot cattle: 540 g/ton (56480 0
mg/head/day)

Pasture cattle: 2800 g/ton

For first five days, no more than 1(
mg/head/day

Calves less than 250 1b8:050.1 mg/lb 0
body weight/day

Calves between 25000 Ibs: 25
mg/head/day

Growing cattle over 400 |Ibs: 7
mg/head/day

16-22.5 g/ton to provide 10840 0
mg/head/day

(Adapted from Feed Additive Compendium, 2014)
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Table 1.4: FDA approved feed additives used to prevent liver abscesses in feedlot cattle

Antimicrobial Inclusion level Withdrawal  time
(Days)

Bacitracinmethylene 70 mg/head/day continuously or 0
disalicylate 250 mg/head/ay for 5 days

Chlortetracycline 70 mg/head/day 0
Oxytetracycline 75 mg/head/day 0

Tylosin 60-90 mg/head/day (&0 g/ton) 0
Virginiamycin 85-240 mg/head/day (13.56 g/ton) 0

(Adapted from Feed Additive Compendium, 2014)
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CHAPTER 2 - Epidemiology of Antimicrobial Resistant
Enterococci, VancomycinResistantEnterococci,and their Virulence

Characteristics

Enterococcusspp.

Enterococcuss an extremely versagilbacterial genus. Enterococci, previously known as
fecal streptococcrepresent paxf thenormal commensdlora of both human and animal gut
microbiota, and some of the strains of this genus are employed in food manufacturing industry or
as probiotics (Facklam, et al., 2002; Simjee, et al., 2006). Enterococci arp@gHive cocci
that occur singly, in pairs, or as short chains. They are facultative anaerobes with an optimum
growth temperature of 38 and a growth range from 10 to 45. All species belonging to this
genus grow in broth containing 6.5% NaCl, and they hydrolyzdiesouhe presence of 40%
bile salts (Facklam and Elliott, 1995). Enterococci are intrinsically resistant to a broad range of
antimicrobial agents, thus leading to limited choice of agents against these organisms.
Enterococci havalsoevolved and acqred resistance to many antimicrobial agents by
acquisition of plasmids or transposons frGnam-negative as well aSram-positive bacteria
(Kak and Chow, 2002). Thus, enterococci have emerged as important nosocomial pathogens
(Malani et al., 2002).

This ability of enterococci to acquire antimicrobial resistance has made it an obvious choice
as indicator organism for antimicrobial resistance in gpasitive bacteria, and the prevalence
of resistance has been monitored in surveillance programs

(www.cdc.gov/ncidod/hip/Surveill/nnis.hiym The enterococci are present in high numbers in
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foods of animal origin (Klein, 2003) and have been also associated withbiorne outbreaks

due to theilcapady to carry and disseminate antibiotic resistance genes (Simjee et al., 2006).
Studieg(Hasman & Aarestrup, 2002; Hasman et al., 20@&ereported that enterococci have
been known to harbor resistance genes to copper, which geneticallystwith marolide

[erm(B)] and glycopeptidev@anA) resistance. This was first reported from Denmark in

enterococcal isolates of piglets, poultry, and ca{t4zsman & Aarestrup, 2002)

Enterococcal infections

Enterococci occur iaremarkable array of environmtsn Theyarefound in soil, water,
food, and make up a significant portion of the normal gut flora of haarahanimals. Like
other gut bacteria, enterococci can also cause infectious diseases. Twelve different enterococcal
species can cause infectipngcludingE. avium E. casseliflavusE. duransE. faecalisE.
faecium E. gallinarum E. hirag E. malodoratuskE. mundtij E. pseudoaviuntk. raffinosusand
E. salitarius(Malani et al., 2002). Most of the infectious diseases are caudeadtbryocacus
faecalis which account for 8@0% of the clinical strainsEnterococci are very robust and
resistant to various routinely used antimicrohibtsh by intrinsic and acquired mechanisms
(Table2.1). Enterococcal infections are more commonly sedrospitalized individuals with
underlying conditions comprised afvide spectrum of severity of illness and immune
modulation. Table2.2gi ves the Clinical and Laboratory St
for susceptibility testing dEnterococcuspp Enterococci are ranked second or third among the
bacteria isolated from hospitalized patients (Kayser, 2003; Schaberg et al., 1991).

The most frequent infection caused by enterococci is as follows:

a) Urinary tract infections:.Lower urinary tract infectins, such as cystitis,

prostatitis, and epidydimitis are common in older people (Graninger and Ragette, 1992).
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However, upper urinary tract infections are more common in young people, which can lead
to severe bacteremia in later stages.

b) Bacteremia: Ent®cocciaccount forapproximately 6/% of all the bacteria
isolated from the blood stream (NNISS, 1999). Bacteria can get into the blood via urinary
tract, intraabdominal infections, burn wounds, diabetic foot infections, or intravascular
catheters.

C) Intra-abdominal and pelvic infections: Enterococci are often found as part of
mixed aerobic or anaerobic flora in irtadominal and pelvic infections. These infections
are more common in patients with nephritic syndrome or cirrhosis, where enterococci can
cause serious peritonitis (Graninger and Ragette, 1992).

d) Wound and tissue infections: Enterococci are always found associated with the
mixed cultures together with granegative aerobic rods and anaerobes. Most commonly
encountered in burn patients atidbetic foot infections.

e) Endocarditis: Enterococci account fapaoximately 515% of all cases bacterial
endocarditis (Murray, 1990). Common sources of infections are via genitourinary, biliary
portals, and also in drug addicts.

f) Rare enterococcal infdons: Rare infections include meningitis in normal adults
with some anatomic defects, prior neurosurgery or head trauma. Enterococci are also seen

unusually in respiratory tract infections.

Virulence factors in Enterococcusspp.

The virulence factorsrpduced by enterococcus are divided into three major categories:
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SecretedProteins

1 Cytolysin (Cyl): Novel bacterial toxin expressed by some strairts. déhecalis
encoded within a lagy pheromoneesponsive plasmifClewell, 1981; lke et al.,

1990) ancbr on the chromosome (lke and Clewell, 1992) within pathogenicity
islands. Cytolysin displays both hemolytic and bactericidal activity (Gilmore et al.,
1994).

1 Gelatinase (Gel): Gelatinase (GelE) is an extracellular zinc metalhlopeptidase
(Koch etal., 2004), with an ability to liquefy gelatirGelatinasedelE) is a protease
produced byE. faecalisthat is capable of hydrolyzing gelatin, collagen, casein,
hemoglobin, and other peptid@g&eft et al., 1992).The main role of gelatinase in
enterocacal pathogenesis is to provide nutrients to the bacteria by degrading host
tissue, and also aid in biofilm formation (Mohamed and Huang, 2007).

1 Serine Protease (Spr):Protease with proteolytic activity similar to gelatinase. Both
these proteolytic erymes are regulated ligr quorumsensing system and contribute
to virulence in an animal peritonitis model (Qin et al., 2000; Sifri et al., 2002).
Transcription of thgelEsprEoperon is positively regulated in a growth phase
dependent fashion by ti& locus, the components of which have been terisi&d

fsrB, andfsrC (Qin etal., 2001).

Adhesins

1 Aggregation substance (Asa) Aggregation substance is a surface localized
protein encoded by pheromeresponsive, seffransmissible plasmids that
mediae binding of donor bacterial cells with plasmid free recipient cells, which
aid in conjugal transfer of genes (Clewell, 1998%a is a pheromonriducible

surface protein and mediates aggregate formation during conjugation, thus aiding
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in plasmid transfeas well as adhesion to an array of eukaryotic surf&tash(et

al.,, 2009. Pulsesdfield gel electrophoresis analysis of clinical isolate& of
faecalisshowed that the gemacoding Asa was not presentanfaeciumisolates
(Hallgrenetal., 2008.

Enterococcal surface proteins (Esp) Extracellular surface protein (Esp) is a
cell-wall-associategbrotein first described iBnterococcugaecalis(Shankar et

al., 1999). Esp contributes to enterococcal biofilm formation, which could lead to
resistance to environmental stresses, and adhesion to eukaryotic cells such as
those of the urinary tracBorgmannetal., 2004). Espis also thought to promote
adhesion, colonization and evasion of the immune system, and tanplayin
antibiotic resistancepulquieMorenoetal., 2006.

Ace antigens Ace refers to Adhesin to collagentbffaecalis Collagenbinding
protein, belonging to the microbial surface components recognizing adhesive
matrix nolecules (MSCRAMM) family. Thacegene is ubiquitous i&. faecalis
and known to express conditionally after growth in serum or in the presence of
collagen (Singh et al., 2010).

EfaA antigens EfaA refers tcE. faecalisantigen A. EfaA is a major dace
antigen ofE. faecalisand was identified using sera from patients with known E.
faecalis endocarditis (Lowe et al., 199EBfaA has a sequence identity with

group of streptococcal ABC transporter proteins, majority of which are identified
as prominat surface adhesins and play a vital role in pathogenesis (Viscount et
al., 1997; Kolenbrander et al., 1998). Several studies have shovefahgene

is ubiquitously present in dil. faecalissolates and also reported an equally
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prevalent homolog k. faeciumisolates (Eaton & Gasson, 2001; Singh et al.,
1998).

1 Pili: Ebp, endocarditis and biofilm associated pixpression of pili at the
bacterial cell surface facilitates adhesion, first step in biofilm formatiomwas in
2006 (Nallappareddytal., 2006), a thregeneebpABCocus and an adjacent
downstream sortasencoding gendgps(biofilm and pilus associated sortase) that
are necessary for the assembly of pili on the surfaée fafecaliSOG1RF strain
were discoveredThe Ebp revealed wftifunctional role in host pathogen
interaction. Ebp known to play a major role in virulence associated properties,
such as adherence to various host tissue components, biofilm formation, and a

role in ani mal infection models (Sillan

Cell wall polymers

9 Capsule (Cps):Capsule is a major contributor of virulence in most of the
organisms. The capsule allows the microbes to escape and evade by the host
immune system (Hancock and Gilmore, 2002; Thurlow et al., 2009).

1 Lipoteichoic acid (LTA) : Lipoteichoic acid (LTA) is a highly diverse class
polymers containing sugar and phosphate backbone. LTAs are anchored in the
cytoplasmic membrane by hydrophobic interactions. LTAs are generally released
from the bacterial surface due to the actdweell wall active antibiotics and
during sepsis due to inflammatory processes (Cleveland et al., 1996).

1 Cell wall antigen: Enterococcal polysaccharide antigepd appears to be
widespread itrk. faecalis In E. faecalisepagene cluster is involekin the
biosynthesis of an enterococcal polysaccharide antigen that is pratiuosgl

infection in humans.
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To conclude, enterococci have evolved different mechanisms to thrive in harsh environment
Their genome plasticitypropensity for horizontal gee transfer, and ability to turn on the

genetic switches or gene/s makem important nosocomial pathogens

Table 2.1: Intrinsic and acquired antimicrobial susceptibility of enterococci

Antimicrobials Mechanism of resistance

Intrinsic resistance b-lactams
Penicillin (low level) Low-affinity penicillin  binding
Carbapenenfmoderate level) proteins (PBP)
Cephalosporins (high level)

Aminoglycosides

Low level Inefficient uptake
High level Production of chromosom:
Moderate level AAC(6")li enzyme

Clindamycin Mutation, substitutions, and ¢

deletion of macrolide inducibl
DNA sequences

Mutational changes ti
Fluoroquinolones topoisomerase IV (Werner et a
2010)

Production  of  DBAla-D-Ser
Glycopeptides ending peptidoglycan precursors
Lincosamides and Streptogramin A Efflux

Trimethoprim -sulfamethoxazole Mutational changes in th
dihydrofolate reductase (Wisell «

al., 2008)
Acquired Ampicillin Overproduction or alterations of
resistance PBP
Aminoglycosides Aminoglycoside modifying

enzymes [AAC(6APH(2" )]

Chloramphenicol Chloramphenicol
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Erythromycin

Fluoro quinolones

Fusidic acid

Glycopeptides (vancomycin,
teicoplanin)

Nitrofurantoin

Oxazolidinones

Rifampin

Tetracycline

Quinolones

acetyltransferase (CAT) eoding
enzymes

Ribosomal methylation
Mutational changes to
topoisomerase IV (Werner et al.,
2010)

Mutations of the EFG encoding
gene

Peptidoglycan precursor
modification

Mutation in the loop of domain V
of 23S rRNA gene

Mutation inrpoB gene (Ene et
al., 2004)

Modification of ribosomal protein

Alterations in DNA gyrase and
Topoisomerase IV

This table is adapted from Cetinkaya et al., 2000; Enne et al., 2004; Wisell et al., 2008; Werner

et al., 2010; Top et al., 2008.
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Table 2.2: CLSI breakpoints used for susceptibility testingoterococcuspp.

CLSI Subclass

Antimicrobial Agent

WHO
Classification of
Antimicrobials

Antimicrobial
concentration
range (ug/ml)

Breakpoints (pg/ml)

Susceptibe Intermediate Resistant
Gentamicin Critically Important 128- 1024 O 50 N/A O 50
Aminoglycoside Kanamycin Critically Important 128- 1024 O 51 N/A O 10:
Streptomycin Critically Important ~ 512- 2048 O 100 N/A O 10¢
Glycopeptide Vancomycin Critically Important 0.25- 32 O 4 816 O 32
Glycylcycline Tigecycline Critically Important 0.015-0.5 O 0. : N/A N/A*
Lincosamides Lincomycin Highly Important 1-8 O 2 4 O 8
Lipopeptide Daptomycin Critically Important 0.25-16 O 4 N/A N/A?
Marolide Erythromycin Critically Important 0.25-8 O 0. 17 4 O 8
Tylosin Critically Important 0.25- 32 O 8 16 O 32
Nitrofuran Nitrofurantoin Important 2-64 O 32 64 o 12
Oxazolidinones Linezolid Critically Important 0.5-8 O 2 4 O 8
Penicillin Penicillin Critically Important 0.25-16 O 8 N/A O 16
Phenicol Chloramphenicol Highly Important 2-32 O 8 16 O 32
Quinolone Ciprofloxacin Critically Important 0.12-4 O 1 2 O 4
Streptogramin  Quinupristin/Dalfoprisitin  Highly Important 0.5-32 O 1 2 O 4
Tetracyline Tetracycline Highly Important 1-32 O 4 8 O 16
'For tigecycline, only a susceptible breakpoint

categorized as resistant

2 For daptomycin, only a susceptite

categorized as resistant
N/A T Not applicable; NTi Not tested
Adapted from WHO Report, 2@1andCLSI M100 document (CLSI, 2012).

breakpoint
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Vancomycin Resistant Enteococci

Enterococci have becoma anportant nosocomial pathogbacause atheir intrinsic ability
to acquire as well as transfer resistance genes to other gut commensal via plasmids, transposons
etc. Inthe United States, enterococci are the secondcomshon hosocomial pathogens
isolated from catheter associated infections of the bloodstream, endocarditis, and urinary tract
infections (Arias and Murray, 2008; Hidron et al., 2008). These organisms have survived in
hospital environment because of thairinsic resistance to most of the routinely used
antibiotics, and also their ability to acquire resistance all currently available antibiotics either by
mutation or horizontal gene transfer of genetic material via plasmids and or transposons
(Clewell, 190). Vancomycin, a glycopeptide antibiotic with gram positive antibacterial
spectrum, was virtually the only drug of choice for the treatment of enterococcal infection for
more than 3 decades without the emergence of resistance (Cetinkaya et al.,gg@tanmnand
Santoro, 1989). Resistance to glycopeptides is due to the productionaffiltty pentapeptide
precursors ending either-Bctate (Dlac) or D-serine (Dser) instead of highffinity precursors

ending in DAla-D-Ala (Courvalin, 2006; Walst2000).

Tripeptide containing
intermediates in
cell-wall synthesis Vancomycin

Inhibition
of
cell-wall
synthesis

-p-Ala-D-Ala

Figure 2.1: Mechanism of action of vancomycin, Vancomy8uasceptible Enterococci
(Adapted from Murray, 2000)
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The origin of glycopeptide resistance among clinical enterococcal isolates remeénsain.
The first VRE isolates were reported in 1988 in the UK and in France (Uttley et al., 1988;

Leclercq et al., 1988).

Figure 2.2: Mechanism of action of vancomycin, Vancomyé&lesistant Enterocai
(Adapted from Murray, 2000)

Vancomycin

Cell-wall
synthesis

The role of avoparcin, a glycopeptide antibiotic used as a growth promoter in food animals
since 1970 in most of the European countries, was suspected as culprit for the selection of VRES,
which could potentially transitted to humans via food chain (Bates et al., 1995). The ban on
avoparcin resulted in a significant decline in VRE isolated from chickens from Denmark (Bager
et al., 1999). However, VREs still persist even after the ban of avoparcin which is attributed t
higher biological cost of vancomycin resistance (Johnsen et al., 2011). In the USA, the situation
is entirely differenbecauseavoparcinvasnever approved for use in food animals. The VREs
were first reported in the US in 1989 in New York City (Feeckt al., 1993). Molecular
epidemiological studies on VREs have revealed the existence of a genetic lineage labelled as
clonal complex 17 (CC17). This clonal complex is usually associated with hospital outbreaks of
VREs worldwide and is characterized digtinct markers such as ampicillin and higlkiel

fluoroquinolones (Willems et al., 2005). Furthermore, most of the CC17 contain mobile genetic
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elements, phage genes, genes encoding for membrane proteins, regulatory genes, pathogenicity
islands, and megplasmids (van Schaik et al., 2010). As of now, eight types of acquired
resistance to glycopeptides have been reported on the basis of phenotypic and genotypic

characteristics (Tabl2.3).
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Table 2.3: Charateristics of glycopeptide resistant enterococci

Characteristics VanA VanB VanC VanD VanE VanG VanL VanM VanN
MIC (ug/ml)
Vancomycin 64-1000 4-1024 2-32 64-128 8-32 16 8-16 >16 8-16
Teicoplanin  16-512 0.51.0 0.51.0 4-64 0.5 0.5 Susceptible  Resistant Susceptible
Modified target D-Alanine D-Alanine D-Alanine D-Alanine D-Alanine D-Alanine D-Alanine D-Alanine D-Alanine
D-Lactate D-Lactate D-Serine D-Lactate D-Serine D-Serine D-Serine D-Lactate D-Serine
Expression Inducible Inducible Constitutive, Constitutive  Inducible Inducible Inducible Unknown Constitutive
Inducible
Location Plasmid Plasmid Chromosome Chromosome Chromosome Chromosome Unknown Plasmid Chromosome
Chromosome Chromosome
Resistance level High Variable Low Moderae Low Low Low High Low
Genetic Acquired Acquired Intrinsic Acquired Acquired Acquired Intrinsic Acquired Acquired
determinant
Conjugation Positive Positive Negative Negative Negative Positive Negative Positive Positive
Mobile element Tnl1546 Tnl1547 Not Unknown Unknown Unknown Unknown Unknown Unknown
Tnl549 applicable
Tn5382

Adapted from Cetinkaya et al., 2000; Top et al., 2008; Courvallg;2XDattoir and Leclercq, 2013.
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Dissertation Outline

High concentratiosiof copper, fed as copper sulfaseeoften used to increase growth rates
in swine. Bacteria exposed to copper may acquire resistance, &mernococcus faeciurend
E. faecalisa plasmidborne transferable copper resistartceB) gene that confers copper
resistance has been reported. The plasmid also carries mapeai&)] and gicopeptide
(vanA)antibiotics resistance genesiggesting a potential linkage of copper resistance to
antibiotic resistanceBecausécrB in enterococci has only been reported in Europe, we
conducted a study to determine the occurrenterBfin fecal eterococcal isolates of piglets
supplemented with elevated levels of copper and redeBeo phenotypic susceptibilities to
copper, erythromycin, and vancomycin. Also, the transferabilitgr8ffrom tcrB-positive to
tcrB-negative ent@cocci strains &s determined (Amachawadi et al., 2D1W0/e have also
shown that thetcrB gene is carried on a transferable plasmid and provide evidence for
interspecies ctransfer oftcrB anderm(B) genes in enterococAmachawadi et al., 2011)n
our study, alktcrB-positiveisolates contained tresm(B) gene and were phenotypically resistant
to erythromycin. Enterococcal isolates in our studies were also posititet(fd)y and
phenotypically resistant to tetracyclines. The potential link betiszBrand antimicobial
resistance genes and the propensity of enterococci to tréarféo other strains raises the
possibility that copper supplementation may exert selection pressure for antimicrobial resistant
enterococci Because tetracycline resistance is prodigleso many different ways, coded by
many different genes located in a variety of locations within the bacterial genome and on

plasmids, there is varied fithess costs associated with their presence. These fitness costs help
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determine the baseline prevade of strains of bacteria harboring these resistance factors when
comparing these to strains competing for space and resources within ecological niches in the gut.
Further, stress exerted by antimicrobial use also differentially selects across those stra
harboring different resistance genes and mechanisms. This multitude of factors makes stable
prediction of effects of ceelection a risky proposition at best. Platt et al. (2008) showed that
chlortetracycline administration increased the probalwlityecoveringe. coliandEnterococcus
spp. exhibiting reduced susceptibility to tetracycline (Platt et al., 2008).potential link

between copper resistanderB) and tetracycline and macrolide resistance genes raises the
possibility that copper supgmentation may exert selection pressure for antimicrobial resistant
enterococci.Because tetracycline and erythromycin resistances are conferred by multiple
mechanisms (especially, in grgpositive bacteria), coded by many different genes located
within the bacterial genome or on plasmids, there is varied fithess costs associated with their
presenceRice, 1998).These fitness costs help determine the baseline prevalence of strains of
bacteria harboring these resistance factors when competing for siga@saurces within
ecological niches in the gut. Therefore, a longitudinal study was conducted to investigate the
effects of infeed coppe chlortetracycline, and tylosin alone or in combinagion selection and
co-selection of resistance straiofecal enterococdiChapter 3).

Since the prevalence tifetcrB gene is not yet reported in cattle we conducted a study in
feedlot cattle to investigate the effects of feeding copper on the prevalence of copper resistant
enterococci isolated from cattlects. The present study was conducted to determine the
occurrence ofcrB gene in fecal enterococcal isolates of cattle supplemented with elevated (100
mg/kg) levels of copper in the diet and to determine phenotypic susceptibilities to copper,

tetracycline tylosin, and vancomycirChapter 4).
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The high propensity of enterococci to acquire, express and transfer antimicrobial resistance
determinants (horizontal gene transfer) enhances their ability to sustain antibiotic selection
pressure, and therefore Meabecome important opportunistic and nosocomial pathogens in
humans. Because antibiotic resistance genes doeated withtcrB on the same plasmid, it is
possible that feeding elevated level copper in the diet ma&glect for enterococci resistaant t
antibiotics in the absence of antibiotic selection pressure. The presence of both antibiotic and
heavy metal resistance genes may help in the plasmid maintenance in environments with no
selection pressure of antibiotics. Because of the potential ditvkelertcrB with erm(B), we
hypothesize that copper supplementation may exert selection pressure for enterococci to become
resistant to macrolide€hapter 5).

Vancomycin resistant enterococci are among the most common nosocomial pathogens in
several Euspean Union countries and in the United States. VRE are frequently isolated from
farm animals, pets, and retail food products in Europe. In the US, VRE are rare in animals and
as a source of community infections in humans. The reason is that avop@lgogpeptide
growth promoter closely related to vancomycin, was never approved for usenalsam the
US. Only recentlyhe occurrence of VRE in swine was reported (Donabedian et al., 2010). We
hypothesize that there are differences in molecularackeristics of VRE to explain this
geographical disparity and that understanding these differences is essential for maintaining low
levels of VRE in community and agricultural settings in the USour repository, we had
samples and or isolatesiginaied from human and swine cohorts in a semi closed integrated agri
food system, Texas the year 2004 and 200%Ve wereable to recover VREs from frozen
swine fece<ollected back in 2004 and 2QGBchnically this is the first report of VRE from

swine inthe US. These isolates were used to characterize VRES to explore possible differences
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in resistance determinant carriage and elucidate the genetic and clonal differences to address the
global epidemiological status of edelvel of genetic aggregation, dalsohelpus to understand

the evolutionary dynamics in the dissemination of VREs indngrand animalChapter 6).
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CHAPTER 3 - Effects of infeed copper, chlortetracycline, and
tylosin on the prevalence of transferable copper resistance gene,

tcrB, among fecalenterococci of weaned piglets

Introduction

The use ofn-feedantimicrobialsfor growth promabn and disease preventiorais integral
part of swingoroduction and management. In the Ugimicrobialantibiotic feed additive are
commonly used in 90% afursery, 75% of grower, and more than 50% of finisher {@#gtey et
al., 2012. Because of concerns that bactenaludingpathogenscould develop resistance to
antibiotics andead to exposure among humasethe food chain(Marshall and Levy, 2071
alternatives to antibioticsuch as heavy metale increasinglgmployedn swine production
systems Copperis supplemented in swine diegarticularly in nursery pigsit concentrations
of 100250 ppmto reduce mortality and morbidity assocdteith bacterial enteric infections,
and for growth promotion (NRC, 1998 he suggested mechanisms of growth promotional
effects of copper include altered gut microbial flora to reduce fermentation loss of nuamehts
suppression of gut pathogend {blerget al.,2005). However, highconcentrationsf copper are
toxic to bacteriaand thereforeoppenon homeostasis is important to ensiisaise as co-factor
while limiting cellular damage (Shafeeq et al., 2011). Acquired copper resistance has been
reported in both gramositive (Solioz et al., 201@ndgramnegative bacteria (Brown et al
1995). A plasmidborne genéhat confers copper resistance, designated as transferable copper
resistancéor tcrB) has been identifiedmongenterococcal spees, particularle. faeciumand
E. faecalisn Denmark and 6. (Hasman and Aarestrup, 2002; Hasman et al., 2006;

70



Amachawadi et al., 2@). The plasmid size varied in Danish (175 kb; Hasman et al., 2006) and
US enterococcal isolates (194 kb; Amachawadi.eR011). Interestingly, thelasmids in both
countries also carried genes for antibiotic resistance. The plasmids in Danish csolates
erm(B) andvanA(Hasman and Aarestrup, 2002; Hasman et al., 2088 <hat excode
resistance to macrolidesd glycopeptides, respectively; in the t&$B-borne plasmids carried
erm(B), and a tetracycline resistance geréM) (Amachawadi et al., 20113uggesting a
potential linkage of copper resistance to antibiotic resistance

In the U.S. tetracyclins and macrolidsarethe moswidely used antibiotics in swine
production Holman & Chenier, 2013)eckert et al., 2000 Chlortetracycline is the most
commonly used antibiotic in both nursery and grower/finisher, ppflsewed by oxytetracycline,
tilmicosin, andylosin (Apley et al., 2012; Dritz et al., 200Z2Jhe potential link between copper
resistancet¢rB) and tetracycline and macrolide resistance genes raises the possibility that copper
supplementation may exert selection pressiaeoringantimicrobial resistant enterococci.
Because tetracycline and erythromycin resistances are conferred by multiple mechanisms
(especially, inGram-positive bacteria), coded by many different genes located within the
bacterial genome or on plasmids, therevaried fithess costs associated with their presence
(Rice, 1998).These fitness costs help determine the baseline prevalence of strains of bacteria
harboring these resistance factors when competing for space and resources within ecological
niches in the gutTherefore, a longitudinal study was conducted to investigate the effects of in
feed coppg chlortetracycline, and tylosinalone or in combinatioh on selection and €o
selection of resistance straiofsfecal enterococci

(**Portions of this work wapresented at the Annual meeting of the Missouri Valley Branch

of the American Society for Microbiology, Manhattan, Kansas, USRta24" April, 2012;
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Third American Society for Microbiology Conference on Antimicrobial Resistance in Zoonotic

Bacteria ad Foodborne Pathogens, Aéx-Provence, France, 260 29" June, 2012).

Materials and Methods

Animals, dietary treatments, experimental design, and fecal sampling schedule

The use of animals and the experimental procedures followed were approheddansas
State University Animal Care and Use Commiii@eCUC # 2773) The study consisted of 240
wearedpigs (34 days old) with an average body wei(@w) of 7.0 kg (x 1 kg). The piglets
were housed in two barns, eagith 40 peng13x%10 cm) and onl24 pens (in each barn) divided
into 4 quadrants with 5 piglets per pen (n=120 piglets per barn) were Tisedenswere
assigned randomly to sdietarytreatment groupg! pens/treatment in each barh) a basal diet
(16.5mg/kg of feed otopperas @pper sulfatecontrol group), 2) a basal diet supplemented
with 125mg/kg of feedof copper as cqper sulfate (Cu group), ®asal diet supplemented with
chlortetracycline CTC 5¢, Alpharma, Fort Lee, NJ) at 22 mg/kg BW) basal diet
supplemented withytosin (Tylan 108, Elanco Animal Health, Greenfield, IN) at 22 mg/kg BW
5) basal diet with both 12®g/kg of feedof copper anahlortetracycline at 22 mg/kg BW
(CuCTC group)and 6) basal diet with both 18%g/kg of feeddf copper and tylosin at 22 mayk
BW (CuTyl group) The six dietary treatments were arranged as an incomplete factorial design;
diets with copper, chlortetracycling/losin,and the 2vay combinatios of copper with
chlortetracyclineor tylosin The same basal premix was includedliregperimental diets
during the entire study period. Copper in the basal diet was from the trace mineral premix which
was analyzed at the Ward Labs, Kearney, NE to verify copper concentration. Premix batch
sheets were routinely audited to verify theleatthe treatment inclusion rate. The basal premix

was kept constant throughout the course of the feeding E&dh pen had a wimesh floor that
72



allowed for 0.3 mper piglet. Each pen was provided with a-$e¢fder containing four holes

and a wagr nipple such that animals had libitumaccess to feed and watd?ens were

randomly allocated to sequential blocks of six with subsequentdxodkr established kthe

first block so as to ensure that each treatrpentwasn contact with an equalumber of other
treatmenpers. Initially, all piglets received basdiet as per NRC recommendations. The basal
diet consisted of corn, soybean meal, vitamins, amino acids, and trace mineral supplements.
Following a weekof acclimatization(pre-treatment) to the basal digpiglets were fed treatment
dietsfor 4 weeks followed by a washofaosttreatmentphaseof two weeks during which

piglets were fed the basal diet with no supplemental copper or antibiotics. Reatadmples
were collectedandmly from 3 piglets per pen on days 0, 7, 14, 21, 28, arah85vere placed

in individual Whirl-Pak (Nasco, Ft. Atkinson, Wbags, kepin a coole with ice packs and
transported to the Molecular Epidemiology and Microbial Ecology laboratory of Karegas St
University. A schematic representation of the study design and the sampling schedule is shown

in Fig. 1.

Isolation and species identification of Enterococcus

All the laboratory microbiological procedures were approved bK#msas State
Universityd Bistitutional Biosafety Committee (IBC # 625 & 628)nless otherwise mentioned
all culture media used were from Difco (Becton and Dickson, Sparks, M&pal samples
(approximately 1 g) were diluted phosphatéuffered salind9 mL) and 50 pL of fech
suspension was sprepathted onto MEnterococcusgar and incubated at 42° C for 24 h. Three
putativecolonies (pirpoint red, pink or metallic red) weselectedrom theplate and streaked
onto blood agar plat§Remel, Lenexa, K&nd incubated oveight at 37° C for 24 hThe
genus confirmation was byeulin hydrolysigdetermined bynoculating a single colony into 100
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pL of Enterococcosel broth in a 9%ell microtiter plate (Becton and DicksorraiRklin Lakes,
NJ) and incubatingt 37°C for 4 h. Three sculin positive isolateBom each fecal sampleere
stored in protect beads (Cruac®, Round Rock, TX) at80°C until further use.

Species identification afnterococcal isolates was carried out using multipieRr that
identifiesE. faecium, Efaecalis, E. gallinarunandE. casseliflavugJacksoret al.,2004) The
ATCC strains oE. faecium(ATCC 19434)E. faecalig ATCC 19433)E. gallinarum(ATCC
49579) anck. casseliflavugATCC 25788) served as positive controls for multiplex PCR.
Superxide dismutasespdA genePCR andsequence analysis (Poyattal.,2000)was carried
out for further species confirmatiohe protect beads were streaked onto blood agar plates and
DNA was isolated by suspending a single colony in nuclease free witite€hvelexXX’ 100 Resin
(Bio-Rad Laboratories, Hercules, CA) and boiled for 10 nhiaster mixes, primers and running
conditions for the multiplex PCR were as described by Jacksan(2004). The primers and
PCR conditions fosodAsequence analysis veeas described by Poyattal.(2000). The

primers used were supplied by Invitrogen Life Technologies (Carlsbad, CA).

PCR detection oftcrB, erm(B), and tet(M) genes

DNA was extracted as befor@hetcrB gene in enterococcal isolates was detecteddy th
procedure described by Hasnetral.(2006). A tcrB-positiveE. faeciunstrain obtained from
Denmark (7430168) served as the positive contrdlhe primers and PCR conditions for
detection oerm(B) andtet(M) genes were as pAmachawadet al. (2A0). Enterococcus
faedqum BAA-2127 strain servedsthe positive control foidetection oerm(B) andtet(M)

genes. The primemsere supplied by Integrated DNA Technologies (IDT, Coralville, 1A).
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Copper, tetracycline, tylosin and vancomycin sisceptibility determinations

ThetcrB-positive isolates (n=372) and aqual number afcrB-negativeisolates (n=372),
selectedby matching treatments and datof collection, were included for copper and antibiotic
susceptibility determinations. The agar dilution Imoet was employed to determinepper
susceptibilities of enterococcal isolates (Haseiaal.,2006). The twotcrB-positive strains
(BAA-2127 and BAA2128) served as positive controls. Mueller Hinton agar plates were
prepared with copper concentrationkslad as copper sulfaggigmaAldrich, Saint Louis, MQ
at 0, 2, 4,8, 12, 16, 20, 228, 32, 36 or 40 mM, adjustedppdl 7.Q andwere used for copper
susceptibility determinatian The plates were spatoculated in duplicates with0lul of culture
(adjusted to McFarland turbidity standard no.;&By Scientific Products, Stamford, JX
Results were recorded as growth or no growth after incubat®rf@tfor 48 h. The
susceptibility determination was done in replicates and duplicates.

Antibiotic susceptibility determinations were done following thiero-broth dilution method
(CLSI, 20@). Antibiotic stock solutions/ere prepared in sterile distilled water to obtain a
concentration of 1,000 pgilmbased on potency of antibiotics. Antibiotics wigsted at
concentrations of 100, 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, 0.39,ahd 96098 pg/m. The
bacterial inocula were prepared by diluting (1:100) cultures grow0 mL Mueller Hinton 1l
broth for 6 h and the concentratsowereadjusted to & McFarland turbidity standards. The
antimicrobial susceptibilities were performed in@6ll microtiter plates (Becton and Dickinson,
Franklin Lakes, NJ) Plates were incubated at &7for 24 h and results were recorded as growth
or no growth. Each ewentration of the antibiotic was duplicated in the micro titer plate and

MIC determinations were repeated wiilffetent inocula preparations.
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Determinations of antimicrobial susceptibility profile

In order to determine the potential association betwepper resistance and resistance to
other antibiotics, a subset wfB-positive isolates (n=50) and aqual number oflesign
matchedcrB-negativeisolates (n=50) were used to determine the susceptibility to a number of
other antimicrobial agentsMinimum inhibitory concentrations (MIC) were determined by the
micro-broth dilution methodccording to CLSI Individual bacterial colonies were mixed with
demineralized water (Trek Diagnostic Systems, Cleveland, Oipatoh0.5 McFarland
turbidity standardsA 50 pL aliquot of the bacterial inoculumasadded to MuelleHinton
broth (Trek Diagnostics Systems, Cleveland, OH) and vortexed. Then, 100 puL of thevdwoth
dispensed into Graipositive NARMS panel plates (CMV3AGPF, Trek Diagnostics Systems,
Clevelnd, OH) with the aid of the Sensititrautomated inoculation delivery system (Trek
Diagnostics Systems, Cleveland, OH). Plates were incubated for 18 h at 37°C. The breakpoints
were recordeds resistant, intermediate or sensitive based onliBé gliidelines(CLSI, 2008),
then intermediate categories were recoded as suscepistberichia colATCC 25922,
Escherichia colATCC 35218 Enterococcus faecal&TCC 29212 Pseudomonas aeruginosa
ATCC 27853, andtaphylococcus auredsTCC 29213 (American Tge Culture Collection,

Manassas, VAjsolates served asference quality aurol strains for MIC testing.

Statistical Analysis
Data were analyzed using STATA Sé&rsion 12.1 (Stata Corp, College Station, TX)

Descriptive analysis comparing effects@atments on the probability of resistance was carried
out prior to multivariable analysisThe likelihood ratio chsquare test (LR?) was performed to
examinethe differences among twevels of the sameariablewithout adjusting for clustering

by treatment or other confounding variabl@he data wreconsidered to be multilevel and
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longitudinal in nature sindearns were clustered withpens penswereclustered within each
treatment, animalaereclustered within pens, and withamimal dependenaexistedbecause of
repeated sampling during the study period. The unbalanced factorial design with repeated
measures and subsequent mixed model analilsisedus to compare responses at specific
times, over time, andia the available interactiorjsopper and chlortetracycline, copper and
tylosin, treatment and periad]

The multivariable analysis was carried out using the XTMELOGIT (nleNt| hierarchical
logistic regression) procedure in Stata. First, the full factorial model was construdtesl for
effects of copper, chlortetracycline, tylosin, and the period on the prevalettcB géne
(binary outcome; present or absent). Then, the model was tested for the interaction terms of
copper with chlortetracycline and tylosin. From the final maaekginal predictions were
obtained for the proportion of enterococcal isolates positiviefBrgene, which also were
estimated with 95% confidence intervals. The marginal means were plotted using final
predictions from the full factorial model fterB prevalence by treatment and period. The main
effects of copper, chlortetracycline, tylosin, and period along with themy?and 3way
interaction terms were tested.

Both copper and antibiotic susceptibility MIC determinations also were analyzed using
survival analysis. The Sensititre data for 16 antimicrobials was considered based on the resistant
or susceptible enterococci, both as outcomes (binary) and as the multidrug resistance profiles.
The results were cross tabulated with each of the treagnemps, andcrB status, to compare
the proportion of enterococcal isolates resistant to each of the antimicrobial agents. A non
parametric, KruskaWallis equality of population rank test on the population median was

performed to measure the overathsgness (based on population medians) of average ranks in
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the individual isolates to the average of eitherttiB-positive ortcrB-negative isolates. Results

were considered significant Bt< 0.05.

Results

Prevalence of thecrB, erm(B), andtet(M) genes in fecal enterococci

A total of 2,592 enterococcal isolates consisting of 72 isolates (3 isolates per fecal sample, 3
piglets per pen, and 8 pens per treatment) per treatment group (control, copper, chlortetracycline,
tylosin, copper and chlortetradyee, and copper and tylosin) and sampliay (day<9, 7, 14,

21, 28, and 35) were obtained.tdtal of 372 isolates were positive for ttleeB gene (372/2,592;
14.3%); of these, 331 isolates (89%) wéiefaeciumand 41 (11%) werk. faecalis Among tre
treatment groups, chlortetracyclitreated pigs exhibitethe highestoverallprevalence (79/432;
18.3%) oftcrB-positive enterococgfollowed by copper and chlortetracycline (75/432; 17.4%),
copper and tylosin (68/432; 15.7%), copper (52/432; 12.886xin (51/432; 11.8%), and
control (47/432; 10.8%) (Table 1)gnoring the significant (P < 0.05) interaction of treatment by
period, he overall prevalence tiietcrB geneamong fecal enterococaias significantly

affected both by treatmer®® € 0.003 and day of sampling?(< 0.0001). Interestingly,

examined alone copper supplementation had no effect on the prevalécr&egene P =

0.313). Among theothertreatments, chlortetracycline had a significant effect 0.0001)
whereas tylosin suppigentation also had no effect on the prevalenderBfpositive
enterococciP = 0.551). Also, the interactions of copper with chlortetracyclhe (.623) or
tylosin (P = 0.958) had no effect on the prevalencécdB gene acros all treatment periods.
Across all treatment groups, the prevalence by sampling dayBspositive enterococci varied

significantly from day 0 (38/432; 8.8%), day 7 (76/432; 17.6%), day 14 (69/432; 15.9%), day 21
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(116/432; 26.9%), day 28 (53/432; 12.3%), and day 35 (20/43%)4r6éspectively. The overall
preval ence #rgatmén, geatment and gogatneent) ofcrB was also significant
(P<0.0001) and it varied from 8.8% (38/432), 20.1% (261/1,296), and 8.5% (73/864) in pre
treatment, treatment, and pastament periods, respectively.

From the final model, marginal prediction probabilities were determined with 95%
confidence intervals for the proportions of positiedB enterococcal isolates. Overall, the
marginal mean predictions faerB-positive entescocci was highest in the copper and tylosin
group followed by copper and chlortetracycline, tylosin, chlortetracycline, copper, and control
groups (Fig. 2). The proportion tdrB-positive enterococci was highest in the treatment period,
as expected, winecompared to both piteeatment and pogteatment periods. AtcrB-positive

isolates (n=372) anttrB-negative (n=372) were positive for bahm(B) andtet(M) genes.

MICs of copper, tetracycline, tylosin and vancomycin

All the tcrB-positive isolate were resistant to copper, with an MIC that ranged from 12 to 24
mM. ThetcrB-negative isolates were susceptible to copper with an MIC ranging from 4 to 8
mM. The two positive reference strains BRA27 and BAA2128 had MICs of 20 and 24 mM,
respectivet. The median copper MIC (18 mM) tafrB-positive isolates was higheP €
0.0001) than that dtrB-negative isolates (6 mM). AlitrB-positive andcrB-negative isolates,
based on Clinical Laboratory Standards Institute (CLSI) breakpoints (CLSI, @@08yesistant
to tetracycline (O 16 Og/ mL) and tylosin (08
pg/ml) of tcrB-positive isolates was highd? € 0.0001) than that d€rB-negative isolates (0.39
pg/ml). However, based on the CLSI breakpoint all Hudaites were classified as susceptible to
vancomycin (O 4 Og/ ml). The failure function
susceptibility oftcrB-positive andcrB-negative isolates to copper and vancomycin, respectively.
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Susceptibilities toother antimicrobials

Overall MIC distribution and susceptibility or resistance profiles for the subsaiBaf
positive isolates (n=50) and aqual number ofandomly selected and desigratchdtcrB-
negativeisolates (n=50), to each of 16 antimicrobials, e s hown i n the form
(Table 2). The highest frequency of resistance was recorded for lincomycin (100%), followed by
tetracycline (95%), kanamycin (76%), tylosin (71%), erythromycin (69%),
quinupristin/dalfopristin (61%), streptomydif3%), and gentamicin (14%). All the isolates
tested were susceptible to chloramphenicol, linezolid and vancomycin. The proportion of
isolates resistant to each antimicrobial did not differ betw@®apositive andcrB-negative
enterococcal isolate® & 0.05). A majority of isolates (95%; 95/100) ware resistant to three or
more antimicrobials, and these were classified as multidrug resistant (MDR). More often, the
MDR isolates were associated with ERY (erythromycin), TET (tetracycline), TYL (tyJ&irR
(streptomycin), and SYN (quinupristin/dalfopristin) resistant phenotypes ind@&ipositive
andtcrB-negative isolates. The MDR phenotypes varied among the isolates, with one isolates
resistant to 9 antimicrobials, 15 isolates to 8 antimicrep2 isolates to 7 antimicrobials, 11
isolates to 6 antimicrobials, 25 isolates to 5 antimicrobials, 12 isolates to 4 antimicrobials, and 9
isolates to 3 antimicrobialsThe descriptive analysefiowed that, overaltopper P = 0.034),
tylosin (P = 0.0%), and copper and tylosiP £ 0.011)treatmengroups had aignificant effect
on the proportion of MDR isolates. With respect to sampling periods, both treaBreat(35)
and posttreatment P = 0.038) periods showed significant effech the propdion of MDR
isolates. The significant treatment and sampling peni@iaction was seen with copper in the

posttreatment periodR < 0.0001) and copper and tylosin in the treatment peRedd.019).
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Discussion

In the present study, we investigathd effects of ifeed copper, a commonly used
antibiotic alternative, alone or in combination with chlortetracycline and tylosin, on selection and
co-selection of antimicrobial resistance in fecal enterococci, a common gut commensal in swine.
Theoverallprevalence ofcrB-positive enterococcal isolates was Id (3%; 372/2,59pin
piglets fed diets supplemented witbpper alone or in combination with antibiotics. The low
prevalence is in contrast to our previous studies in which we observed a pssévesponse
of copper on the prevalencetofB-positive enterococci in piglets. The lower prevalence may
be due to the shorter duration of treatment period (3 weeks) compared to our previous studies in
which animals were on a copper supplementedfaies to 7 weeks (Amachawadi et al., 2010,
2011). Itis possible that 3 weeks of treatment duration was not sufficient for copper to exert a
major selection pressure @rB-positive enterococci.

Danish studies have reported a prevalence of up to (#/9) oftcrB-positive enterococci
in pigs at the time of slaughter (Hasman and Aarestrup, 2002)tciBigene was detected in
only two species of enterococti, faeciumandE. faecalis meanwhileand the number dtrB-
positiveE. faecium(331/372;89%) was higher than the numbetaB-positiveE. faecalis
(41/372; 11%). The predominancetafB-positiveE. faeciums in accordance with Danish
studies; however, thierB gene was also detectedingallinarum E. casseliflavusandE.
mundtii(Hasman and Aarestrup, 2002; Hasman et al., 2006). Our results are in agreement with a
study from Australia where highest prevalencécdB gene was detected amoBgfaeciumand
E. faecalissolates (Fard et al., 2011). Even among the randomly chafnegative isolates
(n=372), we did not detect species other tBafaeciumandE. faecalis Factors such as age of

the animal, diet formulation, use of feed grade antimicrobials, bacterial isolation procedures, and
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geographic location may play a role merococcal species distribution in pigs (Jackson et al.,
2004).

The prevalence dtrB-positive enterococci was lower in the copper supplemented group
than in the piglets that received either chlortetracycline or tylosin. However, the prevalence was
higher in those piglets that received both copper with chlortetracycline or tylosin than the single
inclusion of either of the antibiotic, which suggests a possible additive effect of copper with
antibiotics. The reason for the additive response is not tkrama may possibly occur because
the antibacterial spectrum and mode of action of copper are different from that of the two
antibiotics (Stahly et al., 1980).

Antibiotics and other alternatives like copper are extensively used in swine production to
improve growth and nutrient utilization. It is generally hypothesized that the altered gut micro
flora in response to #feed usage leads to improvement in growth and efficiency of feed
utilization. Additionally, antimicrobials also could act by inhibitiig tgrowth of opportunistic
gut pathogens in animals (Kim et al., 2012). Copper promotes growth of piglets independent of
growth promotion by antibiotics (Cromwell, 1998). Chlortetracycline and tylosin are the most
commonly used kieed antibiotics for ggwth promotion at subtherapeutic doses in the swine
industry (Dritz et al., 2002)Chlortetracyclinavith broad spectrum activity is uséaltreat or
controlrespiratory and enteric bacterial infecgoTylosin, a macrolide antibiotic is used to
treator prevent swinaelysenteryand othebacterial infections, including arthritis, ileitis, and
erysipelas in swin@ritz et al., 2002) Earlier studies have reported that dietary
supplementation of copper, chlortetracycline, and tylosin alone increasgailthBW gain in
piglets (Stahly et al., 1980). However, it is a common practice to supplement copper with

antibiotics like chlortetracycline and tylosin (Dritz et al., 2002). The supplementation of these
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antimicrobials in combination has been showmtwease feed intake, growth rate, and feed
efficiency indicating that the effects of copper and antibiotics are additive (Stahly et al., 1980).

Consistent with our earlier findings (Amachawadi et al., 2011 & 2012),tbd@kpositive
andtcrB-negative solates were positive for macrolidern(B)] and tetracycline resistance
[tet(M)] genes. This isn agreement wittthefindings of anabundance of tetracycline resistance
genes irenterococci othe swine gut, evelh not exposed ttheantibiotic (Zhu etl., 2013).
Because these piglets harbor higher amounts of antibiotic resistance deterramaatempt to
reduce the level of resistance to these antimicrobials in piglats likely to beeffective This
may pose a potential publitzealth concer since piglets that are fed chlortetracycline and tylosin
have a greater chance of carrying tetracycline and macrolide resistant enterococci in their gut.
Evidence from earlier studies suggests #émaiB) is most widely distributed macrolide
resistancegene in piglets (Jackson et al., 2004; Patterson et al., 2007). The tetradgthmg [
and macrolidedrm(B)] resistance determinants have been shown to reside on mobile genetic
elements, such as plasmids and or transposons (Kak and Chow, 2002nhadgiabes the
chances for horizontal gene transfer of resistance determinants among gut commensals or
pathogens.

More often, both heavy metal and antibiotic resistance determinants are carried on either
conjugative or nonconjugative transposons (Tremétal., 2012). Therefore, there is a
possibility that the selection pressure imposed by heavy metals in the feed may indirectly
coselect for antibiotic resistance. Earlier studies from Denmark and Spain have reported the
presence of transferable coppesistance in enterococci and itssmection or linkage to
macrolide and glycopeptide resistance genes on the same plasmid (Hasman and Aarestrup, 2002;

Hasman et al., 2006). However, we were unable to assessdb&ction because battrB-
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positive ad tcrB-negative isolates were phenotypically and genotypically resistant to macrolide
and tetracyclinesNone of ourtcrB-positive isolates carried glycopeptide resistance mediated by
thevanAgene. The absence of glycopeptide resistance in enterosmatds of piglets is

likely because avoparcin (a glycopeptide feed additive) or other related glycopeptide derivatives
have never been used in the US swine industry (Coque et al., I886yancomycin MIC

values were higher fdcrB-positive isolate$0.78 pg/mL) than fotcrB-negative isolates (0.39
pHg/mL). The reason for the difference is not known, possibiyspecific shared resistance
mechanism(s3uch as efflux pumpsnparted by thecrB gene is likely responsible for the

difference in suscettility to vancomycin (BakeAustin et al., 2006).

Emergence of resistance to multiple antimicrobial agents in pathogenic bacteria is of
significant public health concern. Generally, multidrug resistant (MDR) bacteria are
characterized based on resistte multiple antimicrobials (Magiorakos et al., 2012)gram
positivebacterium is considered MDR if it is resistant to three or more antimicrobial classes
(Pillar et al., 2008) Enterococci, particularlf. faeciumandE. faecalisyank among the leat
causes of multidrug resistant hospialuired bacterial infections in humans and stands second
among the most commonly isolated organism in the US hospitals (Palmer & Gilmore, 2010).
Enterococci ar@ntrinsically resistant to a broad range of antirabial agents including routinely
used antibiotics, disinfectants, and heavy metals. More often, hesgatpted multidrug
resistant strains are known to harbor antibiotic resistance determinants on multiple mobile
genetic elements (plasmids and or sfawsons), pathogenicity islan@sdcapsule loc{Gilmore
et al., 2013).Recently, certain lineages of enteroddtave evolved with abundant mobile DNA,

plasmids, transposons, and numerous phages encoding multiple antibiotic resistant determinants.
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These lineages are implicated to canssocomialnfection outbreaks around the world (Palmer
& Gilmore, 2010).

The MDR isolates containing different antimicrobial resistant determinants are of major
concern as this provides a great opportunity for bactersurvive under different antimicrobial
selection pressures. Consistent with our earlier studies, the MDR enterococci were found to be
resistant to both macrolide and tetracycline antibiotics aith{B) andtet(M) resistant
determinants, respectivelydore often, both these resistance genes were carried on conjugative
transposons TWil6and Tr916Tn1545 which have a broad bacterial host range and are capable
of horizontal gene transfer to a variety of grpositive and grarmegative bacteria in the
gastrointestinal tract consortia. These plasmids and transposons are of major concern since they
harbor antibiotic resistant determinants and have a potential to spread between species (Clewell,
1995). The metals used as feed additives contribute to mhgleo mixture of selective
pressures in these biological niches.

Understanding the impact of feed grade antimicrobials, including heavy metals, on the
evolutionary and ecological versatility and flexibility of the gut microbial consortia is important
to mitigate the problem of antibiotic resistance. There is limited information on the impact of
antibiotic alternatives on antimicrobial resistance in food animals (Aarestrup et al., 2008). The
results of this study show that supplementation of coppegerethne or in combination with
chlortetracycline otylosin, has an additive effecon the prevalence of transferable copper
resistance gene among fecal enterococci of piglets. Further studies are needed to understand the
effects of feed grade antimicrialis and their association with copper resistance gene in
enterococci to better understand the ecology and epidemiology of multidrug resistant enterococci

in piglets.
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Figure 3.1: Schematic representation of the study design and sampling schedule
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Figure 3.2: Marginal plot showing predicted probabilities with 95% confidence intervals for the
prevalence ofcrB-positive enterococcal isolates for each treatment groups within each study

period.
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chlortetracycline, Cu + Tyl = Copper and tylosin
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Table 3.1: Prevalence offcrB-positive enterococcal isolates in piglets fed diets with copper (Cu),

chlortetracycline (CTC), and tylosin alone or in combination

Number of tcrB-positive isolates/Number of isolates teste:

Period** Pre- Treatment Posttreatment Prevalence*
treatment (%)
Sampling days 0 7 14 21 28 35
Control 3/72 12/72 8/72 13/72  10/72  1/72 10.8
Cu 4172 10/72  12/72  15/72 8/72 3/72 12.0
Dietary CTC 10/72 14/72  10/72  19/72  19/72  7/72 18.3
treatments Tyl 772 13/72 772 16/72 272 6/72 11.8
Cu+CTC 11/72 9/72 11/72  30/72  11/72  3[72 17.4
Cu+Tyl 3/72 18/72  21/72  23]72 3/72 0/72 15.7

Treatment groups: Control, Cu = Copper, CTC = Chlortetracycline, Tyl = Tylosin, Cu + CTC =
Copper and chlortetracycline, Cu + Tyl = Copper and tylosin

**Effect of trial period was significant & < 0.001
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Table 3.2: The multidrug resistance profile of batirB-positive (n=50) andcrB-negative (n=50) enterococcal isolates

%

Distribution of isolates (%) with minimum inhibitory concentrations in pg/mL

Antimicrobials*  Resistant 95% Cl 0.015 0.03 0.06 0.12 025 05 1 2 4 8 16 32 64 128 256 512 1024 2048
Chloramphenicol 0 0-3.6* 2 32
Ciprofloxacin 4 1.1-9.9 30 |3
Daptomycin 3 0.6-8.5 28 34
Erythromycn 69 59-77.8 3
Gentamicin 14 7.822.3

Kanamycin 76 66.483.9

Lincomycin 100 96.3100

Linezolid 0 0-3.6

Nitrofurantoin 5 1.6411.2

Penicillin 3 0.6-8.51

Quinupristin /

dalfopristin 61 51.771.5

Streptomycin 53 42.7-63.0

Tetracycline 95 88.7-98.3

Tigecycline 1 0.0254 O 0 35 62 2

Tylosin tartarate 71 61-79.6 _ 0

Vancomycin 0 0-3.6* 6

The whitened area indicates the range of each antimiciainakntrationiested and shaded grey areas fall outside the range of tested

antimicrobial concentrations. The vertical bar indisdatee CLSI or NARMS consenshseakpoints for resistance.

*One sided, 97.5% confidence interval (usetyavhen the stimate was zero).
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CHAPTER 4 - Occurrence of the transferable copper resistance
gene,tcrB, among fecal enterococci of U. S. feedlot cattle fed copper

supplemented diets

Introduction

Copper(Cu) is an essential micronutrient required ¥arious biochemical functions
prokaryotic and eukaryotic cel{s). In livestock, copper requirements are met by inclusion of
copper, generally as sulfate, as part of a mmitieral supplement in the diet. Inclusion of
copperin diets atlevatedconcentrationgparticularly in cattle and swinbas growth
promotional effects (2). In cattle, copper is included at concentrations of 10 to 100 mg/kg of diet
to reduce mortality and morbidity calvesand forgrowth promotion in feedlot cattle (3).
Copper in excess is very reactive and toxicetss, thereforeintracellularCu™ concentration is
highly regulated4). In biological systems, copper homeostasis is mediated by the expression of
copper chaperone proteins, Ctransporting proteins<Cu™ transportingATPasesand Cu*
chaperone for GiZn superoxide dismutase, which help in the regulation of Cu uptake,
intracellular transport, and expoff)( A group of membrane spanning proteins called-CPx
ATPasesencoded by four-gene operon calletbpYZAB regulatecopper homeostasis in gram
positive bacteriasuch agnterococcus hira€s). Acquired copper resistance has been reported
both ingrampositive 6, 7) as well asn gramnegative bacteriaBj. A transferable copper
resistance gen&;rB, in Enterococcus faeciunk. faecalisE. gallinarum E. casseliflavusand

E. mundtii(6, 9 was first reporteth Denmark.In Europe, hetcrB geneoften is foundbon a
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plasmid, which also carseerm(B) andvanAgenes encoding resistance to macrolamies
glycopeptides, respectivelg,(9. We have previously reported the occurrence and prevalence
of thetcrB geneamong fecak. faeciumandE. faecalissolatesof pigletsfed devated
concentrations atopper in the diefl0, 11). ThetcrB gene in feal E. faeciumandE. faecalisof
piglets in the U.S. was on a plasmid which carried macroéidgB)] and tetracyclinetpt(M)]
resistance genes, but wanAgenes. The potential genetic link between copper and antibiotic
resistance is of interest becaugosin, a macrolideand tetracyclines amidely used as feed
additivesin feedlot cattle12). The present study wasnducted taleterminethe occurrence of
tcrB gene in fecal enterococcal isolates of cattle supplemented with elevatedd/&gplevels
of copper in the diet and determine phenotypic susceptibilities to copper, tetracycline, tylosin,
and vancomycinBecause mterococci acommon gucommensabf animals and humanig,
14), are a frequent cause of nosocomial infections in hunaansell asporadic infections in
animals {5, 16, we also explored the presence of major virulence genes.-lbkus variable
number tandem repeat analysis (MLVA) was performed to determine the clonal relationship of
the enterococcal isolatés the MLVA types (MT)reported in the global epidemiological
database Additionally, Southern blot hybridization was performed to showtttr&was
located on a plasmid anccanjugation assay asconducted talemonstratéherate oftransfer
and cetransfer oftcrB, erm(B), andtet(M) genes.

(Portionsof this work werepresented at the Annual Meeting of the Missouri Valley Branch
of the American Society for Microbiology, Manhattan, Kansas, USRta24" April, 2012,
and theThird American Society for Micttmology Conference on Antimicrobial Resistance in

Zoonotic Bacteria and Foodborne Pathogens;eki®rovence, France, 6o 29" June, 2012)
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Materials and Methods

The use of animals and the procedwaeployedwere approved by the Kansas State

University Animal Care and Use Committee.

Animals, study design, and sampling schedule
Crossbred yearling heifers (n=2064ere blocked by initial body weight into hea380 + 11

kg) and light(280 + 16 kgweightgroups and assigned randomly to 24 pens Witbr 11
heifers per pen. The pens were assigmed randomized complete block design, to a 2x2
factorial arrangement of treatments of dietary coppermal(10 mg/kg of feed) or elevated
(100 mg/kg of feedanda commercial nutritional supplemenirfpro®, Oleet Processing Ltd.,
Regina, SK, Canadlat0 or 10 % othedieton adry matterDM) basis. The nutritional
supplementvas an extruded produof full-fat flaxseed and spilit field peas with added vitamins
and minerals (22%rude protein23% fa) used asnenergyandprotein supplement in cattle
diets The basal diet included (on a DM basis) 35%med corn grain, 35% wet corn gluten
feed, 15% pelleted soybean hulls, 10% corn silage, and 5% mine@dl6 (g of sodium,,500
mg of chloring 7,000 mg of calcium, 000 mg of potassium, 0.10 mg of cobalt mg of
iodine, 0.25 mg of selenium, 60 mg of manganese, and 60 mg of zinc per kg of the feed),
vitamins @,200 IU of vitamin A and 22U of vitamin E per kg of feed), and antibiotic&00
mg/animalt of monensirfRumensif?, Elanco Animal Health, Greenfield, IN] a9
mg/animald of tylosin [Tylan®, Elanco Animal Health].Cattle were fed onceaily and hadad
libitum access to feed and water. Eigktifloor fecal samples were collectedth new plastic
spoondrom freshly defecated fecal pdtem each perfn=24 penspn dayl16 (a dayefore

heifers in theheavyweight groupwvere shipped foharvest) and fromhe remainindl2 pens
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housing light weight heifersn day 131which was alaybeforethe shipmentof the remaining
lighter cattlefor harvest Spoonswith feces were placed in individual Whikial® (Nasco, Ft.
Atkinson, WI) bags, anttansportedn a cooler with ice packs tbhe Molecular Epidemiology
andMicrobial Ecology(ME?) laboratory of Kansas State Universitj. schematic representation

of the study desigrand sampling schedule is showarFig. 1.

Isolation and speciationof Enterococcus

The culture me@iused in the study were from BD (Becton and Dickson, Sparks, MD).
Approximately 1 g okeachfecal sample wsmixedin 10 mL ofsterilephosphatéuffered saline
and 50 L otthe suspension erespreadplated onto MEnterococcusgarandincubated at
42°C for 24 h. Two putative colonies (goint red, pink or metallic redyere picked froneach
plate and streaked onto blood agar plates, and incubated overnight at 37° C fém2gsbulin
hydrolysis test was conducted, for presumptive gatergtification by inoculating a single
colony into 100 pL of Enterococcosel bratha 96well microtiter plate (Becton and Dickson,
Franklin Lakes, NJ) and inculbag at 37°C for 4 h. Esculbpositive isolates were stored in
protect beads (CryWac®, Round Rock, TX) at80°C until further useSpecies identification of
enterococcalsolates vasperformed by multiplex PCR and superoxide dismutasdA gene
sequence analysis. The multiplex PCR identiiefaeciumE. faecalisE. gallinarum andE.
casseliflavug17). DNA extraction was performed by suspending a single colonytfierblood
agar plate in nucleadeee water with Chelék100 Resin (BieRad Laboratoriedercules, CA)
and boiling for 10 min The ATCC strains oE. faecium(ATCC 19434)E. faecaligATCC
19433),E. gallinarum(ATCC 49579), andE. casseliflavug§ATCC 25788) wee used as positive
controls. Siperoxide dismutases@dA gene PCRindgenesequence analysis was carried out for
further confirmation of specie& ).
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PCR detectiors of tcrB, erm(B), tet(M), vanA, vanB and virulence genes

The DNA of enteroco@ isolates were extracted @asscribed aboveAll primers used in the
study were supplied by Invitrogen Life Technologies (Carlsbad, CA). The PCR assaifor
was as described by Hasman et @)l.and atcrB-positiveE. faeciumsolate (7430275})
obtained fromt h o s e aut h o rDentnark serised asdhe positive control. The primers
and PCR conditions for the detectioneom(B), andtet(M) genes weraccording to
Amachawadi et al.10). E. faecalisMMH 594 (Dr. Lynn Hancock, Division of Biagy, Kansas
State UniversitypndanE. colistrain harboring plasmid pFD 3109) served as positive
controls forerm(B) andtet(M) genes, respectivelyThevanAandvanBgene primers and PCR
conditions were based on procedures described by Kariyarhg20)a Enterococcugaecium
(ATCC 51559) and. faecaligVV583) were used as positive controls yanAandvanBgenes,
respectively. A multiplex PCR was performed to idengi$pl(aggregation substancgglE
(gelatinase)gylA (cytolysin),esp(entegococcal surface protein), ahgl (hyaluronidase) genes
(Vankerckhoven et al. (21)Enterococcus faecaligiIMH594 again was used as a positive
control. A subset ofcrB-negative isolatesqual to the number tfrB-positive isolategn=22;
matched by pe treatnent, and date of sampling) wsgecated and included for detection and

statistical analysis of antibiotic resistance and virulence genes

Copper and antibiotic susceptibility determinations

Copper susceptibilities of enterococcal isolates weterehéned bytheagar dilution method
(9). Two tcrB-positive strains from our previous study (BA427 and BAA2128 10, 1)
served as positive controls. The copper sulMtesller Hinton agar plates were prepared with
concentrations of copper sulfateg€merScientific, Fair Lawn, NJpf 0, 2, 4, 8, 12, 16, 20, 24,

28, 32, 36, or 40 mMBacterial inocula were prepared by growisglates in Mueller Hinton Il

102



broth for 56 h andurbidity adjusted ta McFarland standardf 0.5. The plates were spot
inoculated with 2QuL of bacterial inoculum and incubated for 848 h at 37°C to determine
growth or no growth. The MI€of tetracyclinetylosin, and vancomycingigmaAldrich, St.
Louis, MO) were determined by mictwoth dilution method as per CLSligelines @2).

Antibiotic concentratioa tested were based on the potency of the antihidbicek solutions

were preparewith sterile distilled water to obta@n initial concentration of 000 pg/mL.
Antibiotics were tested at concentrations of 1@, 25, 12.5, 6.25, 3.125, 1.56, 0.78, 0.39,
0.195, and 0.098 pg/mL. Bacterial culturesregrown in 10 mL of MuelleHinton Il broth for

6 h and the inocula concentrations were adjusted to 0.5 McFarland turbidity standards. The
susceptibility deternmations for antibiotics were carried out usingv@&l micro titer plates
(Becton and Dickson) by incubating plates with the bacterial inocula at 37°C for 24 h and results
were reorded as growth or no growth. MIC determinations were carried out ondoBth

positive (n=22) andcrB-negative (n=22) isolates.

Transferability of tcrB gene

Transferability otthetcrB gene fromtcrB-positive totcrB-negativestrainsvia conjugation
wasdeerminedby filter-mating procedure2@). EnterococcugaeciumstrainTX5034, resistant
to tetracyclindpositive fortet(M); MIC >100 pg/ml and susceptible to spectinomy¢MIC =
12.5 pg/mL]andE. faecalisstrain OG1SSpesistant to spectinomyc[MIC >100 pg/mL] and
susceptible to tetracycline [negative fet(M); MIC = 0.78 ug/mll wereused asontrols(these
strains were provided by Dr. Barbara E. Murray, University of Té¢i@sstonMedical Schoo).
ThetcrB-positive donor strains were resistant to tetracycline [positiveefdf)] and susceptible
to spectinomycin.ThetcrB-negative recipient strains were resistant to spectinomycin and
susceptible to tetracycline [negative fet(M)]. Filter mating was carried oumtith donos and
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recipiensin aratio d 1:10. Overnight cultures afonoss (0.5mL) and recipierg (4.5 niL) were
mixed followed bycell collection using 0.22 pum nitrocellulose membrane filter. The strains
were selected obrain heart infusion (BHI) agdor thetcrB-positive (donor: 40 pg/in of
tetracycline) tcrB-negative (recipient: 500 pgl of spectinomycin), and the transconjugants
using both tetracycline and spectinomyatrthose concentrationd’he donor and recipient
strains were grown on BHI agar plates containing 4@ngsf tetracycline and 500 pgiL of
spectinomycin, respectively. Thamsfer frequency was expressed as the number of CFU
transconjugants per recipient CFU. The resultant transconjugants were also test&d for
erm(B), andtet(M) genes by PCR and their susceptibilities to copper by tiseygocedures

described above

Southern blot hybridization

Southern blot hybridization was performed thneetcrB-positiveE. faeciunstrainsas per
theprocedure described in Amachawadi et al. (11). The procedure was performed using
digoxigenin (DIG) High Prime labeling and detectistarter kit 11 (Roch®iagnostics,

Indianapolis, IN).

Multiple -locus variable number tandem repeat analysis (MLVA) ofcrB-positive
enterococci

MLVA, a typing scheme based on six different tandem repeat lo&i. ftaeciumwas
performed as describéxy Top et al. (24). Six variable number tandem loci (VNTR), VNIR
VNTR-2, VNTR-7, VNTR-8, VNTR-9, VNTR-10, were used for genotyping tofB-positive
enterococcal isolateslhe allelesvere defined based on the amplicon size difference at each

locus. The MLVA types (MT) were assigned using the MLVA database at
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http://www.umcutrecht.nl/subsite/MLVA/MethodThe population snapshot for MLVA types

were performed using eBURST analysigitdp://eburst.mist.net

Nucleotide sequence accession number

The partial nucleotide sequence of ecrd-positiveE. faecium(strain 11A) was deposited in

the NCBI GenBank database (Accession number JN660793).

Statistical analyses

The statistical analysis was performed using STATA L. {3tataCorp, College Station,
TX). Bivariate escriptive statisticef gene or phenotyparevalencéy diet typewereassessed
prior to multivariable analysis. Thakelihood ratioChi-square test was performed to
statistically assess unadjustditferences irprevalence proportioamong two variables or
between two genotype&fB vs.erm(B), tcrB vs.tet(M), erm(B) vs.tet(M)]. Thereafter the
multivariable adjusted effectd importantvariables such dasock, coppersupplementation
commercial nutritional supplementifipro®), and samplinglayson the prevalence dtrB,
erm(B), andtet(M) genesn enterococci also were assessétie associatioof each variable
with prevalence wateded usingmixed fandomand fixed) effectsogistic regression. Pen was
consideredisthe experimental unit. The datereconsidered multilevednd longitudinaln
nature sincsome otthe pens wersampled twiceanimalswereclustered within each pen,
multiple isolates within each fecal sample were analyaedthere existe@lso thepotential
presence of with#animal dependemesbecause othe possibility ofrfepeatedampling ofthe
same aimalds fecesthroughouthe study period. The data wereabrzed foreach othe main
effects of coppesupplementatiorcommercial nutritional supplementitipro®), blocking(by
body weight) and thesampling daysn the prevalence ¢€rB gene first, and then the interaction

termsamong remaining main effect€opper and antibioti®1IC susceptibility data were
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analyzed using logMIC-transformed and adaptsdrvival analysigsnd the MIC was expressed
and compared as the median (MJCafter a log rank assumption for normality (29)he
differences in transfdrequency (number of transconjugants per recipienréf genefor both
intra- and interspecies conjugationaveassessed usirtgetwo-samplet testfollowing a
normality assessment usitige ShapireWilk normality test. The transfer frequencies waiso

tested for equality of variance (variance comparison éest)independence was assumed

Results

Prevalence oftcrB, erm(B), tet(M), and virulence genesamong fecal enterococci

A total of 576 enterococcal isolates, comprising 288 isolates in éaicl ttvo main trial
groups, control or coppaupplemented, from fecal samples collected on days 116 and 131, were
obtained. Twentywo (3.8%) of the 576 isolates were positive forttr® gene. Of the 22
tcrB-positive isolates, 2 (2/288; 0.7%) wererfr cattle fed the basal diet with a normal
concentration of copper (10 mg/kg), while 20 (20/288; 6.9%) were from cattle fed the basal diet
supplemented with a higher concentration (100 mg/kg) of copper (Table 1). The overall
prevalence ofcrB-positive eterococcal isolates was high& < 0.001) in thecopper
supplemented group than in the control gr@iug, 6.9 vs. 0.7%)The prevalence dtrB gene
alsowas affected by sampling period € 0.03), and the initial blocking dfeifersby body
weight P = 0.03). TheLinpro® supplementation had no effe€t£ 1.0) on the overall
prevalence ofcrB gene Based ommultiplex PCR andodAgene sequence analysaltcrB-
positive (n=22) andcrB-negative (n=22) isolatgselected by matching pen, date of pény,
and treatmenjsvereE. faecium All tcrB-positive(n=22) andcrB-negative (n=22) isolates
were positive foerm(B) andtet(M) and negative fovanAandvanBgenes. The prevalence of

erm(B) andtet(M) genes or multgene typest¢rB, ern(B) andtet(M) alone or in combination)
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is shown in Table 1. Fortgne of the 288 isolates (14.2%) of the control group anddiikyof

the 288 isolates (19.4%) of the copper group were negativerByrem(B), andtet(M) genes.

The overall prevalence (contrahd copper groups) efm(B), tettM) anderm(B) andtet(M)
combinations in enterococcal isolates were 53.3%, 62.3%, and 36.2% respectively (Table 1).
Both tcrB-positive (n=22) andcrB-negative (n=22) isolates were negativedsal(aggregation
substane), gelE (gelatinase)¢ylA (cytolysin),esp(enterococcal surface protein), amd

(hyaluronidase) genes

Phenotypic susceptibilitieso copper, tetracycline, tylosin, and vancomycin

All tcrB-positive isolates grew on MH agar containing copper anaerdration of 20 or 24
mM. However, thécrB-negative isolatedid not growon MH agar containing copper at a
concentration of 8 mM. The two positive reference strains B2A27 and BAA2128 had
MI C 6 s amd24 ndV) respectively. The median coppéCMf tcrB-positive isolates (22
mM) was higher® < 0.001) than that of therB-negative (4 mM) isolated-ig. 2). The failure
function graph(Fig. 2) represents the cumulative susceptibility of HotB-positive and
negative isolatesBoth tcrB-postive and-negative isolates were resistéioased on CLSI
br e ak p o jgmt);o teBacyiclthe with a median MIC of >100 pgl/ and 37.5.1g/mL,
respectively. The median tetracycline MICtafB-positive isolates wasignificantly higher @
< 0.001) than that of therB-negative isolates. AttrB-positive isolates were resistant (based
on CLSI breakpoint  Gug/@1L9 to tylosin with a median MIC of 50 ugL and alltcrB-
negative isolates were susceptible (based on CLSI breakpoifig/mg.) to tylosin with a
median MIC of 1.6 pghL, respectiely (P < 0.001). BotHcrB-positive andnegative isolates

were susceptible (based on CIiSt e a k p qug/mL) tp vazondycirthough themedian MIC
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of tcrB-positive(0.39 pgmL) was significantly highe(P < 0.001)than that otcrB-negative Q.2

png/mL) isolates The median MIC results are shown in Table 2.

Transferability of tcrB gene

All 22 tcrB-positiveE. faeciumsolates were used to demonstrate both intraspédgies (
faeciun) and interspecie€( faecali$ transferability otcrB gene by conjugatm The mean
transfer frequencies of 22 isolates for both in@rad interspecies conjugations were 1.7 x°10
and 2.0 x 10, respectively.The conjugation frequency was higher in irépecies conjugation
when compared to intrspecies = 0.02). Thetransconjugants were positive forB, erm(B),
andtet(M) genes and phenotypically resistant to copper, tylosin, and tetracycline. The median

copper MIC of the transconjugants was 20 mM.

Southern hybridization

Hybridization of DNA fromtcrB-positiveE. faeciumisolates withtcrB or erm(B) gene
probes yielded distinct bands of ~1¥80 kbp size (Fig3). ThetcrB-negative isolates showed
bands ranging from 15070 kbp in size. However, probingtofB-negative isolates witttrB

gene showed no hybriition.

Multiple -locus variable number tandem repeat analysis (MLVA)
The MLVA procedure revealed 20 novel MLVA types (MTs) as shown in&ighmong 22

tcrB-positive isolatestwo isolates were clonally related tiwe existing MT 7 and MT 190 in the

daabase. Theother20B-posi ti ve i sol ates with unassigned
curator (Dr. J. Top, University of Utrecht, Netherlands) for sequence types and cluster

assignment and also to update the global epidemiological datalfas@etium The MT 449

isolate was closely related to the predominant hosattapted clone MT 12, whidiad been

isolated from blood and feces of hospitalized patie®s.eBURST, clustering of eight of our
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isolates suggests that they share one or more alldlas atith MT 12 and MT 1, which were
from hospitalized patients or clinics in the European Unieourteen of outcrB-positive
isolates were clonally different (43438, 440, 441, 442, 44445,446, 447450, 452, 454455,

and 456 and did not sharalleles atanyloci with existing MTs.

Discussion

This study, designed primarily to evaluate the effects of feeding an elevated concentration of
copper (125 mg/kg of the feed) and a commercial energy and protein supplement®jLampro
cattle performare, was utilized tanvestigate the effects of feeding elevated concentrations of
copper on the prevalencetofB-mediated, copper resistant @rdcocci in feedlot cattle feces
In the US, cattle diets are supplemented witHeed antimicrobials for grotlu promotion to
increase feed efficiencyp decrease respiratory infectionsto reducehe prevalencef liver
abscesseat slaughte(26). Most infeed antimicrobials are known to alter the gut microbial
flora, thereby reducing fermentation losshatrients and suppressing pathogens (27). There is
concern thagut bacterialcommensals angathogensn food-producing animalslevelopand
propagateesistance to antibiotics atitereaftelcontaminate food produgtsroviding a direct
pathway for tranmission to humansThereforealternatives to antibioti¢csncluding feeding of
heavy metals and particularly copper and zivave been employeats feed additives in food
animalproduction (2).

In the present study, cattle diets were supplementedavatimmercial energy and protein
supplement (Linprd) to evaluate its performance benefits. This factor was a nuisance parameter
for our study purposes, and as expected, the commercial supplement had absolutely no effect on

the prevalence dtrB-mediatedcopper resistant fecal enterocodeiF 1.0). In cattle fed a
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higher concentration of coppemnlg a small proportion (6.9%; 20/288) of fecal enterococcal
isolatesharbored thécrB geneand these isolates also were phenotypically resistant to copper
However, he higher prevalence tdrB gene in cattle supplemented with copper compuatitd
thecontrol group (6.9% . 0.7%) suggests the exertion of selection pressireeding
elevated levedf copper Similar low prevalence (4.6% and 11.9%) wereortgal for
enterococcal isolates from piglets fed an elevated level (125 mg/kg) of copper in two studies (10,
11). In contrast, Danish studies have reported a prevalent@obf copper resistant
enterococcin pig feces obtained at the time of slaugh(6), perhaps because of higher levels
(175 to 250 mg/kg) of copper and supplementation for a longer period of time during their
production cycle, starting from birth to slaughter.

All tcrB-positive enterococcal isolates in our study wWeréaeciumywhich is in contrast to
studies from Denmark and Australia that have reported the occurretheg@B gene not only
in E. faeciumbut also inE. faecalisE. gallinarum E. durans E. casseliflavusandE. mundtii
(9, 28. AmongEnterococcuspeciesE. faeciumandE. faecalismost commonly colonize the
gutin humans and animal&9). In our study, there were rif) faecalisisolates among the 22
tcrB-positive enterococci. Because only a limited number (n=2&yBfnegative isolates were
speciated, occuence of other species in cattle feces cannot be ruled out; in fact, it is more likely
than not. Fluckey et al. (30), irstudy onthe species distribution &nterococcusn cattle in
the US, have reportedE. faeciumE. faecalisandE. duransas the dminant speciesFactors
such as age of the animal, diet, tygpel level of supplement used in thet, infeed antibiotics,
the geographical location and even isolation methods employed are likely to have an impact on

species distribution (17).
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In Dennark, the copper resistance in enterococci was shown-select both macrolide and
glycopeptide resistance (6). In our study, alt@B-positive isolates contained teem(B) gene
and were phenotypically resistant to tylosin; this is not surprisirog $ive diet included tylosin,
a macrolide that is routinely included in feedlot cattle diets in the US for the prevention of liver
abscesses (12)'heerm(B) gene is the most common macrolide resistance genetic determinant
present in animal and human eotccal isolates (31)Becausall tcrB-negative isolates were
also positive foerm(B) gene, an assessment ofsglection could not be made in our study (12).
Perhaps the prevalenceesf(B) in all the isolates tested is reflective of the selecti@sgure
applied over a long period with the wide spread usglo$in, a macrolidevidely usedo
control liver abscesses in feedlot cail@). All tcrB-positive isolates from our study also
contained théet(M) gene, which is in agreement with ourlearstudies that showed atrB-
positiveE. faeciumandE. faecalissolates of piglets to contain tiet(M) gene (10, 11). Unlike
for erm(B), there werdcrB-negative isolatethat also were negative feat(M). Botherm(B)
andtet(M) genes are caed on conjugative transposons 96 and Tr916Tn1545 which have
a broad bacterial host range and a strong capacity for horizontal gene transfer among gut
commensals (32). OwecrB-positive isolates did not contain eith@mAor vanBgenes and were
pherotypically susceptible to vancomycin. Although susceptible based on CLSI breakpoint, the
vancomycin MIC values were significantll € 0.001) higher fotcrB-positive isolates than the
tcrB-negative isolates. This suggests a-spacific function, suchsaan efflux pump used for
copper homeostasis, might also aid in ridding bacterial cells of vancomycin, though not at an
MIC sufficient to confer resistance. The prevalence of vancomycin resistant enterococci in
Europe is likely because of the historicakuwf avoparcin, a glycopeptide. Avoparcin was once

applied extensively in livestock feed in Europe for growth promotion in broiler chickens, pigs,
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calves and beef cattle (33). The absencesanfor vanBgenes in our study is not surprising
since avopanin was never approved for use in animal agriculture in the US (34) and an FDA
prohibition on extrdabel use of glycopeptides in animal agriculture has been in place since 1997
(35).

Southern blot hybridization revealed that ttd3 geneis locatedon a~180 kb plasmid. In
our previous study in nursery piglets, theB gene was on a conjugatiwgobilizableplasmid of
size~194 kb (11). Earlier studies from Europe have reported the presetweB,adrm(B), and
vanAgenes on a 17kb plasmid in ark. faeciumisolate from a pig (6). Generally,
megaplasmids are known @rborantibiotic and heavy metal resistance geBés (
Conjugation systems involving plasmids and transposons are abundant in the genus
Enterococcusind contribute to the disseminatiohboth antibiotic resistance determinants as
well as virulence factors. The intrand interspecies transferability afrB gene in our study is
in agreement with our earlier studies with pig isolates (10, Iht@restingly, the conjugation
frequencywas higher in the intespecies assay, possibly because of the production of
pheromones (peptide signal) by the reciplenfaecalissolate strains, which are specific for a
particular plasmid or a group of related plasmids (37, 38). In this pheremadueble plasmid
transfer, the recipient bacterium excretes the peptide pheromone molecule into the medium,
where it can diffuse to a donor cell thus facilitating transfer of antibiotic resistance determinants.
The sex pheromones have also been descimidedfaeciummore often, they are associated
with vancomycin resistance (38). However, we detected a lowersipé@es conjugation
frequency rate compared to intgrecies conjugation, which may be due to the absence of

vancomycin resistance gene dataants in outcrB-positive isolates.
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Enterococci have become major nosocomial pathogens in humans and often are associated
with multiple antibiotic resistant infections of blood stream, urinary tract, and surgical wounds
(39). Virulence in enterococis associated with several genes, particularly those that encode for
aggregation substancas@)), gelatinasedelE), cytolysin €ylA), enterococcal surface protein
(esp, and hyaluronidasdyl) (40, 21). Studies have shown tkapis the major virulace gene
in E. faeciumfollowed byasal gelE andhyl genes (41, 21). None of th&B-positive (n=22)
or tcrB-negative (n=22) isolates in our study carried any of the virulence genes tdeteever,
the evolution and propagation of antibiotic resis&involve a complex netwodonsistingof
multilevel populationgnd variable selection pressurédoth ecology and evolution play a vital
role in linking antibiotic resistance and bacterial virulert 43.

All 22 tcrB-positive isolates possessaiterse MLVA types (MT) suggestinggenetically
diverse and heterogeneous population in caftlee majority of newly assigned MTs were
clonally related in single and or doulal#eles atoci with clinically isolated human isolates.

Note that this doesot imply direction or causatiorOrder of entry into libraries is typically

driven by various biases, such as the more intensively sampled clinical isOlasty of the

22 strains were novel MLVA types. The MT 451 isolate was closely related poettieminant

clone MT 112, which was isolated from blood and feces of hospitalized patients in Germany and
in feces of chickens in the Netherlands. The MT 190 isolate was closely related to N&E 325

per the MLVA database). The genetic diversity amoed=tHfaeciumsolates may be

attributable to their propensity for genetixchange coupled with a high rate of recombination

(44). No doubt, as broader studies into populations of bacteria outside of clinical realms enter

databases, a clearer picture \eitherge.
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In summary, the feeding of elevated dietary copper levels resulted in an increased prevalence
of tcrB-mediated copperesistant fecal enterococci in feedlot catfldetcrB gene was on a
plasmid that can be transferred by conjugation, whictrasgly suggestive of potential
transferabilityof thegene under selection pressure. Tihding of strongassociatiosbetween
copper resistance and other antibiotic (tetracycline and tylosin) resistance determaahés
significant because dlfie popengy of enterococci to transfeesistance genes to other bacteria
in the gutwhen placed under selection pressufarther studies are needed to investigate the
effects of feeding antibiotics and their association with copper resistance geneoncaaieio
better understand the potentiatgelection and molecular epidemiology of multidrug resistant

enterococci in cattle.
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Figure 4.1: Schematic representation of the study design. *Linpro® is a commercial feed
supplementontaining an extruded blend of flax seed and field peas with added vitamins and

minerals
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Figure 4.3: Southern blot hybridization d€rB probe with S1 nucleasgigested genomic DNA
of tcrB-postive enterococcal isolates. Lane 1: midrange PFGkendl; Lanes 2, 3 and 4:S1

nucleasealigested genomic DNA ofE.faeciumisolates, Lanes 5, 6, and hybridization with

tcrB probe
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Figure 4.4. eBURSTbased population snapshotkiiterococcus faeciumn 4% available MT's
(MLVA types) in Enterococcus faum MLVA (Multiple -Locus Variable number tandem repeat

analysis) databasat{p://www.umcutrecht.nl/subsite/MLVA eBURSTclustering of twety

two MLV A analysis types (MTs) dE. faeciumsolates from feedlot cattle (in bold and enclosed
in ovals). Each MT represents one node with a difference in one locus. The dotted circles
indicate MTs that are closely related to the existing predominant cloties database (solid

circles).
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Table 4.1: Prevalence of copper resistanmeB, and antibiotic resistancerm(B) andtet(M) genes among fecal enterococci in cattle

fed diets supplemented with or withowpper at elevated concentrations

Treatment group Sampling No. of *No. of enterococcal isolates positive for (%):
and copper days enterococcal
concentration in isolates None tcrB erm(B) tet(M) ermB) + tcrB +erm(B)
the diet, mg/kg tet(M) + tet(M)
Control, 10 116 192 31 2 116 134 91 2
132 96 10 0 65 62 41 0
Total 288 41 2 181 196 132 2
(14.2%) (0.7%) (62.8%) (68%) (45.8%) (0.7%)
Copper, 100 116 192 41 14 82 106 51 14
132 96 15 6 44 57 26 6
Total 288 56 20 126 163 77 20
(19.4%) (6.9%) (43.7%) (56.6%) (26.7%) (6.9%)
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Table 4.2: Median minimum inhibitory concentrations of antimicrobial compounds for fecal

enterococcal isolates with or withaatB

Enterococcal isolates Copper Tetracyleine  Tylosin  Vancomycin
(mM) (Hg/mL) (Hg/mL) (Hg/mL)

tcrB-positive (n=22) 22* 100* 50* 0.39*

tcrB-negative (n=22) 4 37.5 1.6 0.20

*Significantly different fromtcrB-negative isolates & < 0.05
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CHAPTER 5 - Effects of infeed copper and tylosin
supplementations on copper and antibiotics resistance in fecal

enterococci offeedlot cattle

Introduction

Feed grade antimicrobials are supplemented in feedlot cattle diets to promote growth,
improve feed efficiency and to reduce the incidence of respiratory infections, foot rot, and liver
abscesses (Nagaraja, 1995; Butaye e2@03). The use of antimicrobial feed additives is
controversial because of the emergence and potential dissemination of antimicrobial resistance
and subsequent risk to human health (Marshall and Levy, 2011). Therefore, alternatives to
conventional antinerobials, such as heavy metals, are being used to achieve improved animal
performance (Thacker, 2013Copper (Cu), a heavy metal, is supplemented in cattle diets at
levels higher than physiological requirements to promote growth and improve feedefficie
(NRC, 2000). Copper, generally as copper sulfate, is supplemented in the diet at a concentration
of 10-100 mg/kg (NRC, 2000). Copper is an essential micronutrient, required for several
enzymes, cofactors, and metalloproteins in biological systemgpéeC at high concentrations
have antimicrobial activity, primarily due the production of free hydroxyl radicals by copper ions
that block functional groups of proteins, enzymes, inhibit or alter synthesis of nucleic acids, and
modify bacterial cell walynthesis (Gant et al., 2007). Bactartdize several mechanisms to
regulate intracellular copper concentration. A transferable copper resistanceidgmeiich
confers resistance to copper has been reportédtarococcus faeciunk. faecalisE.

gallinarum, E. casseliflavusandE. mundtiiisolated from swine and cattle (Hasman and
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Aarestrup, 2002; Hasman et al., 2006; Amachawadi et al., 2010 & 2011jcrBlgeene was on
a plasmid, which also carried@nA(Hasman and Aarestrup, 2002; Hasman.e28l06),erm(B)
(Hasman et al., 2006; Amachawadi et al., 2010 & 2011gtd) (Amachawadi et al., 2010 &
2011) genes, encoding resistance to glycopeptides, macrolides, and tetracyclines, respectively.
Because antibiotic resistance genes arcatedwith tcrB on the same plasmid, it is possible
that feeding elevated level of copper in the diet magedect for enterococci resistant to
macrolides in the absence of antibiotic selection pressure. The potential genetic link between
copper and antibiatiresistance is of interest because tylosin, a macrolide, and tetracyclines are
widely used as feed additives in feedlot cattle. Tylosin is included in the feed to reduce the
incidence of liver abscesses (Nagaraja and Chengappa, 1998) and tetracydbnetrécycline
or oxytetracycline) are used for improved growth rate and feed efficiency, to prevent liver
abscesses, to treat bacterial enteritis, and for the control of respiratory disease associated with
transportation stress (Nagaraja, 1995).

In arecent study, we have observed that feeding a diet with elevated (100 mg/kg of feed)
level of copper increased the fecal prevaledB-positive enterococci (Amachawadi et al.,
2013). Because of the genetic link betwesB with erm(B) andtet(M) geneswe hypothesize
that copper supplementation may exert selection pressure for enterococci to become resistant to
macrolides and tetracyclines. Therefore, a longitudinal study was conducted in cattle to
investigate whether feed supplementation of copp&leatited level, cgelects for macrolide
resistance in fecal enterococci in the absence of tylosin. Becauseh@hhmopensity of
enterococci to acquire and transfer antimicrobial resistance determinants (horizontal gene

transfer) and of their clina significance in causing nosocomial infections in hunfblegstad
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et al., 2010)wve also investigated the resistance of the enterococcal isolates to other antibiotics

and determined the presence of virulence genes.

Materials and Methods

The use of amnals and the procedures employed were approved by the Kansas State

University Animal Care and Use Committee (IACUC312).

Study design and sampling schedule
Eighty crossbred steers (body weight = 568.8 * 55 kg) were blocked by body weight and

randomlyallocated to four treatments and housed in individual concrete floor pens in four barns.
Each barn consisted of 20 pens of individual animals with a water facility shared by two adjacent
pens. The study design consisted of 2x2 factorial arrangemergpéswental copper, included

as copper sulfate (10 or 100 mg/kg of feed) and tylosin (0 or 10 mg/kg of feed® Tilanco

Animal Health, Greenfield, IN) in the diet. Individual pens in each of the four barns were
randomly allocated to the four treatmen@attle received a higirain diet and were fed once

daily with ad libitumaccess to feed and water. The basal diet included (on a dry matter basis)
54% steanflaked corn, 35% wet corn gluten feed, 6% wheat straw, and 2.2% minerals (0.1 mg
of cobalt, 10mg of copper, 0.6 mg of iodine, 60 mg of manganese, 0.25 mg of selenium, and 60
mg of zinc per kg of the feed), vitamins (4,535 IU of vitamin A and 22 U of vitamin E per kg of
feed), and monensin (300 mg/animal/d; Ruméhdiitanco Animal Health). Appsimately 20

g of pen floor fecal samples (n = 80) were collected with plastic spoons from freshly defecated
fecal pats from each pen on days 0, 7, 14, 21, and 28 of feeding treatment diets. Spoons with

feces were placed in individual WhiPal® (Nasco, FtAtkinson, WI) bags and transported in a
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cooler with ice packs to the laboratory. A schematic representation of the study design and

sampling schedule is showmFig. 1.

Bacteriological procedures

All the laboratory microbiological procedures were raped by theKansas State
Universitd s | nstitutional Bi osafety Committee (1 BC
study were from BD (Becton and Dickson, Sparks, MBjterococcuspecies were isolated by
diluting 1 g of fecal sample in 10 mL sferile phosphatbuffered saline and spreg@thting 50
pL of the fecal suspension onto-Ehterococcugsgar. After 24 h of incubation at 42° C, two
putative colonies (pipoint red and metallic pink) were picked from each plate and replated onto
blood agaplates for overnight incubation at 37° C. Presumptive genus identification of the
isolates were based on esculin hydrolysis, and espasitive isolates were stored in protect
beads (CryeV/ac®, Key Scientific Products, Round Rock, TX)-86° C for futher use.

DNA was extracted from enterococcal isolates by suspending a single colony from the blood
agar plate in nucleadeee water with Chelék100 Resin (BieRad Laboratories, Hercules, CA)
and boiling for 10 min. Species identification was perfedlrby multiplex PCR (Jackson et al.,
2004), which was further confirmed by superoxide dismutss@y gene sequence analysis
(Poyart et al., 2000). The multiplex PCR identifies four diffeEamterococcuspp. such ak.
faecium E. faecalisE. gallinaum, andE. casseliflavus The ATCC strains dEt. casseliflavus
(ATCC 25788)E. faecaliATCC 19433)E. faecium(ATCC 19434), and. gallinarum

(ATCC 49579) were used as positive controls.

PCR detections oftcrB, erm(B), tet(M), and virulence genes

The DNA from enterococcal isolates was extracted as before and subjected to PCR assays for

detections ofcrB, erm(B), tet(M), and virulencedsal gelE, cylA, esp andhyl) genes
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(Amachawadi et al., 2013). Primers used in the study were supplied bydewitrife

Technologies (Carlsbad, CA).

Susceptibility determinations for copper, tylosin and tetracycline

Enterococcal isolates positive fimrB (n=37;tet(M) anderm(B) positive) and &pecified
subset ofcrB-, tetf(M)-, anderm(B)-negative isolates (n®4matchedas best as possikiby
treatment)were subjected to susceptibildgterminationgor copper, tylosin, and tetracycline
Copper susceptibilities were determined by the agar dilution method (Hasman et al., 2006).
Briefly, Mueller-Hinton agar ptes containing 0O, 2, 4, 8, 12, 16, 20, 24, 28, 32, 36, or 40 mM of
copper sulfate (Fischer Scientific, Fair Lawn, NJ) were prepared and spot inoculated with 20 uL
of bacterial inoculum adjusted to a McFarland turbidity standard of 0.5. The plates were
incubated for 36 to 48 h at 37° C to determine growth or no growth.tcria4qpositive strains
from our previous study (BAR127 and BAA2128; Amachawadi et al., 2013) served as
positive controls.
The minimum inhibitory concentrations (MIC) for tylosin aedtracycline (SigmaAldrich,
St. Louis, MO) were determined by the midmoth dilution method as per CLSI guidelines
(CLSI, 2008). Antibiotics were tested at concentrations of 100, 50, 25, 12.5, 6.25, 3.125, 1.56,
0.78, 0.39, 0.195, and 0.098 pg/mL. cBaial cultures were grown in 10 mL of MueHdinton
Il broth for 6 h and the inocula concentrations were adjusted to 0.5 McFarland turbidity
standards. The susceptibility determinations for antibiotics were carried outielld@icro
titer plates (Beton and Dickson); plates inoculated with the bacterial inocula were incubated at
370 C for 24 h and results recorded as growth
and O 32 Og/ml were considered gaesinresi stant b
respectively.
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Susceptibility determinations to other antibiotics

All tcrB-positive isolates (n=37) and the same substtrBfnegative isolates (n=40) were
subjected to susceptibility determination for a more complete array of antibiotigs usin
NARMS (National Antimicrobial Resistance Monitoring System) Gyaositive panel plates
(CMV3AGPF, Trek Diagnostics Systems, Cleveland, OH) with the aid of the Sefisititre
automated inoculation delivery system (Trek Diagnostics Systems, ClevelandT@dljst of
16 antimicrobials tested, their concentration ranges used, and breakpoints for susceptibility
classification according to NARMS, are shoinriTable 1 Appropriate ATCC (American Type
Culture Collection, Manassas, VA) quality control stralEs;herichia coliATCC 25922,
Escherichia colATCC 35218 Enterococcus faecal&TCC 29212 Pseudomonas aeruginosa
ATCC 27853, andtaphylococcus auredsTCC 29213 were used as reference standards for
susceptibility testing. The bacterial suspension wapgred by mixing an individual colony
with demineralized water (Trek Diagnostic Systems, Cleveland, OH) to obtain 0.5 McFarland
turbidity standards (Key Scientific Products, Stamford, TX). A 50 pL aliquot of the bacterial
inoculum was added to catiadjusted MuellerHinton broth (Trek Diagnostics Systems,
Cleveland, OH) and vortexed. Then, 100 pL of the broth was dispensed intepGséive
NARMS panel plates and incubated for 18 h at 37° C. The MIC for each isolate was recorded
and classified as resamt, intermediate or sensitive based on the Clinical Laboratory Standards
Institute (CLSI, 2008) guidelines. For our analytical purposes, intermediate strains were

reclassified as susceptible.

Statistical Analysis
Data were analyzed using STATA v.12.158taCorp, College Station, TX). Bivariate

descriptive statistics of gene or susceptibility phenotype prevalence by diet type were assessed
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prior to multivariable analysis. Unadjusted differences in prevalence proportions among two
variables {crB vs. erm(B), tcrB vs.tet(M), erm(B) vs.tet(M)] were assessed using the

Likelihood ratio chisquare test. Thereafter, the multivariable adjusted effects of copper and
tylosin supplementation (alone or in combination) and sampling days on the prevalemBe of
erm(B), andtet(M) genes among enterococci were assessed.

The association of each variable with the probability of a positive result (genotype or
phenotype) was tested using mixed (random and fixed) effects logistic regression and also multi
level hierachical logistic regression. Animal was considered as the experimental unit. The data
were considered multilevel and longitudinal in nature because of the repeated sampling of
animals and multiple isolates within each fecal sample. A full factorial meakebuilt
including the copper, tylosin, and sampling day to test their interaction term to assess its impact
on the binary outcome (present or absentgids, erm(B), andtet{M) genes. Then, the main
effects were tested individually to determine tHeat of copper, tylosin, and sampling day on
the prevalence dtrB, erm(B), andtet(M) genes. From the final model, marginal adjusted
predicted probabilities were obtained for the proportion of enterococcal isolates positor8,for
erm(B), andtet(M) gene; these were estimated along with their 95% confidence intervals.

Additional analyses include the followindrrom all possible combinations of the three
resistance genes (binary response variables, and assuming they are truly random) a new
6nonmid nvadr i abl eg ecnaeldl etdy pbeemuntatsi cr eat ed. Data we
multinomial logistic regression for the main effects of copper and tylosin supplementation (alone
or in combination) and the s-gmpkdn@oppgrays on t
tylosin, and tetracycline MIC data were jegansformed and analyzed using survival analysis,

accounting for rightensored growth beyond maximum antibiotic concentration. The MICs
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were expressed and compared as the mediansgVa@ier assming for normality (Stegeman et

al., 2006). The MIC data, further categorized as resistant or susceptible enterococci to16
antimicrobials were considered as both binary outcomes and as multidrug resistance profiles.
The results were cross tabulated vatth of the treatment groups and interactions (and by
sampling day) and bigrB presence to compare the proportion of enterococcal isolates resistant
to each of the antimicrobial agents. A Likelihood raticsduiare test was performed to assess
the relatonship between multidrug resistance profile and the treatments/daysBspiesence.

Results were considered significant &-aalue of< 0.05.

Results

Prevalence oftcrB, erm(B), tet(M), and virulence genesn fecal enterococci

A total of 800 entaycoccal isolates, comprisidf isolatesselected froneach of the four
treatment groupg&ontrol, copper, tylosin, and copper and tylpsind five sampling days (O, 7,
14, 21, and 28) were analyzed furth&hirty-seven isolates (4.6%; 37/800) were puasifor the
tcrB geneand all of these were speciatedeagaecium Of the 37crB-positive isolates4
(4/200; 2.0%), 99/200; 4.5%), {7/200; 3.5%) and 1{17/200; 8.5%) were from control,
copper, tylosin, and copper and tylosin groupspectively(Fig. 2). Theprevalence ofcrB-
positive enterococci wasgnificantly affected by treatmes{P = 0.2); however, sampling day
had no effec{P = 0.26) and the treatment and sampling day interaction likewise was not
significant @ = 0.4). Copper P =0.01), tylosin P = 0.04), and copper and tylosiA £ 0.007)
treatment groupsach exhibitedhigher prevalence d@€rB gene than the control group.

The overall prevalence tie erm(B) geneamongenterococcal isolates was 46.8% (375/800)
andthe treatmet and sampling day interactiovassignificant @ < 0.001); opper P = 0.002),

tylosin (P = 0.03), and copper and tylosiA £ 0.001) supplementations significantly increased
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the prevalence afrm(B)-positive enterococciOverall,the prevalence was sigicantly affected
bothby the treatmentR = 0.001) andhe sample daynain effect{P < 0.0001). Theoverall
prevalence ofet{M) geneamong enterococcal isolates was 57 (8%0/80Q0 and the treatment
and sampling day interaction was significat=(0.05). Among main effectshe prevalence was
significantly affected by sampling dal € 0.003) buhot by the treatmenP(= 0.34). None of
the 800 isolates examined h@dB alone, ortcrB gene witherm(B) or tet(M) separately.

All tcrB-positive isolées wergoositive for botrerm(B) andtet(M) genes. Therefore, the
prevalence of all three resistance gene®[ erm(B), tet(M)] together was the same as the
prevalence ofcrB gene aloneZ.0%, 4.5%, 3.5%, and 8.5% for control, copper, tylosin, and
copper and tylosin groups, respectively; Table 2). A number of isolatesrivéld) andtet(M)
together in the absencetofB and the prevalence of this combination was not affected by the
treatments (Table 2)Theoverall prevalence aofirulence genewas?2 (2/800; 03%) for each of
esp(enterococcal surface protein) amg (hyaluronidase)3 (3/800; 04%) of cyla (cytolysin), 7
(7/800; 09%) of asal(aggregatiorsubstance) and 25 (25/800; 3.1%pefE (gelatinase E).
None of thetcrB-positive (n=37) iskates in our study carried any of the virulence genes tested.
Thetreatments, sampling day, and their interaction terms did not have an effect on the

prevalence of virulence gend3% 0.05) among enterococci.

Phenotypic susceptibilities to coppertylosin, andtetracycline

All tcrB-positive isolates grew on MH agar containing coppercatnaentration of 20 or 24
mM. However, thécrB-negative isolates did not gromith copper at a concentration of > 8
mM. The two positive reference strains BAA27 and BAA-2128exhibitedMIC valuesof 20
and 24 mM, respectively. The median copper MI@dB-positive isolates (20 mM) was higher
(P < 0.0001) than that of thterB-negative (4 mM) isolatesA failure function graph
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represenng the cumulative susceptilties oftcrB-positive andcrB-negative isolates to copper

is shown in Fig. 3 All tcrB-positive isolateswhich also containedrmB), wer e r esi st ant
png/ml, based on CLSI breakpoint) to tylosin with a median MIC of 50 pug/ml artdr&H,

tefM)-, anderm(B)-negat i ve i sol at es woasekon EuBkbreakpoin))tb! e ( C
tylosin with a median MIC of 1.6 pg/mP(< 0.0001). Thefailure functiongraphthat depicts

thecumulative susceptibilgsof tcrB-positive andcrB- , tet(M)-, anderm(B)- negative isolates

[n=40] to tylosin are shown iRig. 4 Interestingly, both sets &¢rB-positive (n=37) andcrB-,

tetM)-, andermB)-negati ve [ n=40] isolates were resista
breakpoint, to tetracycline. Howeyéne median tetracycline MIC &érB-positive isolates

(>100 pg/ml) was significantly higheP(< 0.0001) than that of thterB-negative isolates (37.5

pg/ml).

Susceptibilitesof enterococci to other antimicrobials

Overall MIC distributions and resistamprofiles of enterococcal isolates (n= 771&B-
positive isolates and 40rB-, tet(M)-, anderm(B)-negative isolates) to each of 16 antimicrobials
tested are shown in the formaf gqdashtogramm(Table3). All isolatestestedwere susceptible
to nitrofurantoin, tigecycline, and vancomycin. The MJ@nd MIGyvalues as well as the
proportions otcrB-positive (n=37) andcrB-negative (n=40jsolates resistant to each
antimicrobial are showim Table4. The proportions of isolates resistant to ahthe
antimicrobiat did not differ betweercrB-positive andcrB-negative enterococcal isolatésX
0.05). The highegiroportion of resistant isolates wewéh lincomycin (98.7%), followedby
tetracyclines§9.6%), erythromycin 84.4%), tylosin 83.1%), kanamycin§1.8%),
quinuprisitn/dalfopristin 715.3%), andstreptomycin $0.6%). The rajority of the isolates
(93.%%; 72/77) were resistant to three or more antimicrobials, and thereforeclassified as
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multidrug resistant (MDRPIllar et al., 2008 The MDR phenotypes varied among the isolates,
with two isolatesachresistant tdl1(2.6%) and .2 (2.6%) antibiotics, respectively, aBd
(93.5%)isolates resistant to 5 or more antimicrohiaislusive of the first four Most often, the
MDR isolates were associated with lincomycin, erythromycin, tetracycline, tylosin,
streptomycin, anduinupristin/dalfopristin resistant phenotypes in biotiB-positive andcrB-

negative isolates.

Discussion

In the presenstudy, we investigated the effects ofumer and tylosisupplementation, alone
or in combinationpn the prevalence ¢€rB anderm(B) genes in fecal enterococci of féatd
cattle. Feed grade antimicrobials are use@@®36 of theUS feedlots for growth promotion or
prophylaxis (McEwen and Fed@-Cray, 2002).However, the concern is thiacterialgut
commensals and pathogandood animalsievelopresistance to antimicrobials, which may get
disseminated via food chain. Therefore, alternatives to antimicrpipiglisding heavy metals
and paticularly copper and zinc, have been used as feed additives in food animal production
(Hasman et al., 2006)/Ve have reported that supplementing catiéds with elevated (100
mg/kg) levels of copper increased the prevaleieeB-positive enterococci (fachawadi et al.,
2013). InterestinglytcrB-positiveisolates also containetm(B) andtet(M) genes and were
phenotypically resistant to erythromycin and tetracyclifibe genetic linkage between genes
conferring resistance to metals and other antits®uggests maintenance of antibiotic resistance

genes even in the absence of selective pressure (Singer et al., 2006).
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The prevalence dtrB-positive enterococci was higher among cattle fed a higher
concentration of coppecdpper and copper + tylosgroups;26/400; 6.5%) compared to groups
(control and tylosin groud;1/400; 2.7%}hat did not receive higher concentration of copper (
=0.01). This prevalence tfrB-positive enterococci is in agreement with our earlier study, in
which wereportedthat6.9% (20/288pf fecal enterococcal isolates of catttere positive for
tcrB (Amachawadi et al., 2013). Similar Iqwevalence ofcrB-positive enterococci were
recorded from cattle (16 %) in Denmark (Hasman and Aarestrup, 2002). The prevakenBe of
positive enterococci was also higher among cattle fed tylosin (tylosin and copper + tylosin
groups; 24/400; 6.0%) compared to groups that did not receive tylosin (control and copper
groups; 13/400; 3.2%). The prevalencecoB-positive enterococci vgahigher in cattle fed diets
supplemented with both copper and tylodii/200; 8.5%}han either of the dietlone(copper,
9/200; 4.5% and tylosin, 7/200; 3.5%lhis suggests that copper and tylosin in combination
exert an additive selection pressusettrB-positive enterococci. Similar torB, the prevalence
of erm(B) positive enterococci was higher among cattle fed a higher concentration of copper
(copper and copper + tylosin grou@d8/400;52%) compared to groughat did not receive
higher corentration of coppgicontrol and tylosin groud67/400;41.7%). The prevalence of
erm(B) positive enterococci waadso higher = 0.001) among cattle fed tylosin (tylosin and
copper + tylosin groups; 201/400; 50.2%) compared to groups that did neergdesin
(control and copper groups; 174/400; 43.5%). This suggesthéhtaading of elevated dietary
copper and tylosin alone or in combination reglitean increased prevalence of macrolide
resistancedrm(B)] amongfecal enterococci in feedlaattle. All tcrB-positive enterococcal
isolates in our study weke. faeciumwhich is in agreement with our earlier study in cattle

(Amachawadi et al., 2013Earlier studies from Denmark and Australia have reported the
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occurrence ofcrB gene in many¥nterococcuspp. such ag. faeciumE. faecalisE. duransE.
gallinarum E. casseliflavuandE. mundtiiiHasman et al., 2006; Fard et al., 201A).

enterococci, botkcrB-positive (n=37) andcrB-negative (n=40) isolatdbat were speciated,

wereE. faecium Becausenly limited number ofcrB-negative isolates was specigtee

cannot rule outhe possibility of finding other enterococcal species in cattle feces. Fluckey et al.
(2009) have reportefd. faeciumE. faecalis andE. duransas the donmant enterococcal species

in feces of cattle.

Enterococci have become major nosocomial pathogens in humans and often are associated
with multiple antibiotic resistant infections of blood stream, urinary tract, and surgical wounds
(Palmer et al., 2010). miibiotic resistance along with the expression of virulence traits is
necessary for the bacterium to become more virulent (Johnson, 1994). Virulence in enterococci
is associated with several genes, particularly those that encode for aggregation s(desdnce
gelatinasedelB), cytolysin €ylA), enterococcal surface protessf), and hyaluronidasdyl)

(Hancock & Gilmore, 2002)None of thecrB-positive (n=37) isolates in our study carried any
of the virulence genes tested,ialhis in agreement vihtour earlier study (Amachawadi et al.,
2013). In our study, the prevalence of virulence genes was low among the fecal enterococcal
isolates of cattle. Studies have shown #sglis the major virulence gene kh faecium
followed byasal, gelE, andhyl genes (Eaton & Gasson, 2002; Vankerckhoven et al., 2004).
This is in agreement with the some of the earlier studies where they recorded lower prevalence of
virulence genes i&. faeciumandE. faecalissolated from food animal (Franz et al., 2001; Eaton
& Gasson, 2002).
Antimicrobial resistance, particularly mulesistancgils common amongnterococcuspp.,

because of their ability to acquire antimicrobial resistance genes (Murray, 1990). Majority of the
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testedtcrB-positive (n=37) andcrB-, tet{M)-, anderm(B)-negative (n=40) isolates were
multidrug resistant (93.5%; 72/77). This is in agreement with the earlier study in feedlot cattle,
where fecal enterococcal isolatés {aecium) were resistant to-3 antimicrobials (Edrington et
al., 2009).Increased levels of resistance to tetracyslarel macrolides (erythromycin and
tylosin) amongE. faeciumsolates of feedlot cattle sugg@stssibleselecton pressure placed on
food producing animals by the use of these antimicroalgrowth promoton and therapeutic
purposes (Anderson et al., 2008). The abundance of tetracycline resistance determinant among
E. faeciumsolates is more common than other gut bacte@usehe acquired tetracycline
resistance is more prevalent in enterocg@daiderson et al., 2008) The high degree of
macrolide resistance in this study may be related to the feeding of tylosin for the control of liver
abscesses. Not surpngly, high degree of restance to erythromycin (84.4%)nd tylosin
(83.1%) was noticed amg bothtcrB-positive andcrB-negativeE. faeciumsolates

Broth microdilution assay from our study yielded MIC of 1.6 pdionitylosinamongtcrB-
negative isolates. This might be attributed to the differences in the approach, antibiotic
preparatior(concentration, potency), and changes in resistance endpoints which tend to shift
over time. Therefore, careful attention must be exercised while interpreting results from broth
microdilution assay (Hillard et al., 2005). Whereas, the sensititre pracgilied a different
results with respect to macrolide resistance, which is suggestive of presence of macrolide
resistance determinants other tleam(B) gene among enterococci. Macrolide resistance in
enterococci is mediated lBymgenes via target mdation due to ribosomal methylase gene
encoded byrmA erm(B), andermCgenes. The other resistance mechanism is through efflux
pump system mediated by the membrane bound efflux proteins encoded(BYE) andmsr

genes (Singh et al., 2001). It He=en reported that macrolide resistance mediated bgmon
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genes generally express lower resistance to erythromycin. Considerable differences in the MICs
were also reported in macrolides (erythromycin, tylosin) among enterococcal isolates (Jaglic.,
2012)due to mutation in innate genes, which is seen4@olof the macrolide resistant
enterococci (Roberts, 2004). BottrB-positive andcrB-negative isolates were resistant to
tetracycline. This might be due to the presence of other tetracyclinenesigtd(L), tet(O),

tet(K), andtet(S)] determinants (Aarestrup et al., 2000; Wilcks et al., 20B8Bwever, screening

for these genes is beyond the scope of present study. In our study, we screened for the most
common tetracycline resistant getef(M), among enterococcal isolateBhis coselection

might also be attributed to the-tmcalization of both macrolideefm(B)], and tetracycline

[tet(M)] resistance determinants on a conjugative mobile plasmid and or transposon (Clewell,
1995). Enterococdiave natural transfer mechanisms via plasmids and transposons and can
harbor resistance to multiple antimicrobials. We have reported tleea@lzation oftcrB gene

with erm(B), andtet(M) genes on a mobilizable plasmid from earlier studies in pigsattie
(Amachawadi et al., 2011 & 2013). More oftemsadection among antimicrobial resistance
determinants is an obvious trait where the antimicrobial resistance is genetically linked to the
other antibiotics (Chen et al., 2008) or even heavy metasnidn and Aarestrup, 2002). These
determinants are located mainly on mobile genetic elements such as plasmids and or transposons,
which ensure their spread by horizontal gene transfer. In mapbtiiye cases, these plasmids

are conjugativevith broad lost range (Martinez, 2009). darryinggenetic elements conferring
resistance is na burdenreducing the use of antimicrobial agents alone may not decrease the
prevalence of antibiotic resistance bacteria within the gut (Gillespie, 2001). Divensibgdhe
multidrug resistant enterocacguggests that no single genotype is favoredpartcular

environment However, no specific patterns of multidrug resistance were readily apjraoent
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study. Multiple drug resistant strainskoffaeciumaremore often associated with hospital
acquired infections due to transmission of these strains to humans and their ability for horizontal
gene transfeflLeberton et al., 2033

The extent of antimicrobial resistance in enterococci should be monitordty tasieess the
role offeed grade antimicrobials theselection and dissemination of resistance in feedlot cattle.
Althoughmanyenterococcin our studyweremultidrug resistar) they did not show resistance to
some of the critically important antimabials such as vancomycin, and a low incidence of
resistance to chloramphenicol, ciprofloxacin, daptomyamalpenicillin. These results indicate
that the fecal eetococci of feedlot cattle werseisceptible to clinically relevant antimicrobials.
In summary, the feeding of elevated dietary copper and tylosin alone or in combination resulted
in an increased prevalencetofB anderm(B) mediated coppeand tylosinresistant fecal
enterococci in feedlot cattlelhis is suggestive afo-selection of both@pper and macrolide
resistance determinants dueheselection pressure from copper and or tylosin supplementation.
Furtherstudies are warranted to investigate the factors involved in maintenance and
disseminatiorof these resistance determinants drartcoselection mechanism in relation to
feed grade antimicrobials usage in feedlot cattle. Therefore, monitoring antimicrobial resistance
in enterococci of food animal origin is important for preserving the therapeutic value and

efficacy of the antimimbials.
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Table 5.1: Prevalence of coppetc(B), tylosin ermB]) and tetracyclinetéfM]) resistance
genes aloner in combinations in fec&nterococcus faeciumolates of feedlot cattle fed diets

supplemented with or without copper and or tylosin

No. of isolates (%) positive (n=200)

Genes Control Copper Tylosin Copper and Tylosin
None 53 (26.5) 46 (23.0) 48(24.0) 46 (23.0)

tcrB alone 0 0 0 0

erm(B) alone 23 (11.5) 46 (23.0) 34 (17.0) 44 (22.0)
tet(M) alone 78 (39.0) 49 (24.5) 54 (27.0) 51 (25.5)

tcrB + erm(B) 0 0 0 0

tcrB + tet(M) 0 0 0 0

tcrB + erm(B) + tet(M) 4 (2.0) 9 (4.5) 7 (3.5) 17 (8.5)
erm(B) + tet(M) 42 (21.0) 50 (25.0) 57 (28.5) 42 (21.0)
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Table 5.2: National antimicrobial resistance monitoring system gram positive bacterial panel

(CVM3AGPF): antimicrobials, tested concentraticarsd their resistant breakpoints

Antimicrobials

Concentrations

Breakpoints (pg/ml)

(ng/ml) Resistant Susceptible
Chloramphenicol 2-32 O 32 O 8
Ciprofloxacin 0.12-4 O 4 O 1
Daptomycin 0.25- 16 N/A® O 4
Erythromycin 0.25-8 O 8 O 0.5
Gentamicin 1287 1024 > 500 O 500
Kanamycin 128- 1024 01024 O 512
Lincomycin 1-8 O 8 O 2
Linezolid 0.5-8 O 8 O 2
Nitrofurantoin 2-64 O 128 O 32
Penicillin 0.25- 16 O 16 O 8
Quinupristin O 4 O 1
dalfopristin 05-32
Streptomycin 512-2048 >1000 O 1000
Tetracycline 1-32 O 16 O 4
Tigecycline 0.015- 0.5 N/A? O 0.25
Tylosin tartrate 0.25- 32 O 32 O 8
Vancomycin 0.25- 32 O 32 O
N/A = Not applicable
'Yor daptomycin, only susceptible breakpoint
with an MIC O 8 Og/ml are considered as resis

’or tigecycline, only susceptibldeThemrsadatek poi nt

with an

MIC O 0.5 Og/ml are considered as res
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1 Table 5.3: Antimicrobial susceptibilities dEnterococcus faecium-77; 37tcrB-positiveand 40tcrB-negative) strains isolated from

2 feces of feedlot cattle fed diets supplemented with or without copper and or tylosin

%

Distribution of isolates (%) with minimum inhibitory concentrations in pg/mL

Antimicrobials Resistant 95% Cl 0.015 0.03 0.06 0.12 0.25 05 1 2 4 8 16 32 64 128 256 512 1024 2048

Chloramphenicol 1.3 0.037 9

Ciprofloxacin 3.9 0.8109 4 0 0 1

Daptomycin 2.6 0.039

Erythromycin 84.4 74.391.6

Gentamicin 13 6.4-22.5

Kanamycin 81.8 71.389.6

Lincomycin 98.7 92.999.9

Linezolid 12.9 0.037

Nitrofurantoin 6.5 2.1-14.5

Penicillin 6.5 2.1-14.5

Quinupristin /

Dalfopristin 75.3 64.1-84.4

Streptomycin 50.6 39-62.2

Tetracycline 89.6 80.595.4

Tigecycline 0 0-4.6*

Tylosin tartrate 83.1 72.890.6

Vancomycin 0 0-4.6*
3
4  The whitened area indicates the range of each antimicrobial dilution tested and shaded grey areas fall outside tlestethge of t
5 antimicrobial conentrations. The vertical bar indicates the C{(3Inical and Laboratory Standard Institutg)NARMS (National
6 antimicrobial resistance monitoring systetopsensus breakpoints for resistance.
7  *One sided, 97.5% confidence interval (used only whenshmate was zero)
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Table 5.4: Antimicrobial susceptibilities and minimum inhibitory concentrations (MICcdB-
positive andcrB-negativeEnterococccus faeciustrains isolated from feces of feedlot catdd f

diets supplemented with or without copper and or tylosin.

tcrB-positive (n=37) tcrB-negative (n=40)

Antimicrobials Resistant  MIC 5 MIC g9  Resistant MIC 5 MIC oo

(%) (%)
Chloramphenicol 0 8 8 1 (2.5%) 8 8
Ciprofloxacin 2 (5.4) 1 2 1 (2.5%) 1 2
Daptanycin 0 4 8 2 (5.0) 4 8
Erythromycin 34(91.9) 8 8 31(77.5) 8 8
Gentamicin 3(8.1) 128 2048 7(17.5) 128 1024
Kanamycin 30(81.1) 512 1024 33(82.5) 1024 1024
Lincomycin 37(100) 8 8 39(97.5) 8 8
Linezolid 0 2 2 1(2.5) 2 3.8
Nitrofurantoin 3(8.1) 32 64 2(5.0) 32 64
Penicillin 3(8.1) 1 6.4 2(5.0) 2 4
Quinupristin =~/  33(89.2) 4 32 25(62.5) 4 32
Dalfopristin
Streptomycin 12(32.4) 512 2048 27(67.5) 2048 2048
Tetracycline 33(89.2) 32 32 36(90.0) 32 32
Tigecycline 0 0.25 0.25 0 0.12 0.25
Tylosin tartrate 34(91.9) 32 32 30(75) 32 32
Vancomycin 0 1 2 0 2 7.6
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Figure 5.1: Schematic representation of the study design and sampling schedule

138




0.5

ol

0.3 N
— [

0.1 1

Proportion of isolates positive for
tet(M) gene

0.4 1

03 [
0.2 B [

0.1 1

0.15

Proportion of isolates positive for
erm(B) gene

0.10 ~

tcrB gene

A

Proportion of isolates positive for

Control Copper Tylosin Copper
& Tylosin

Figure 5.2: Prevalence adfcrB, erm(B), andtet(M) enterococcal isolates for each treatment
groups showing predictedgralencavith 95% confidence interval3hese results are across all

treatment groups and sampling days and includesistant strains.

139



2 1.00 I
= MIC90 mmm———— 1
- |
= [
™ I
4 I
= 0.75 :
@ 1
Ry 1
2 !
_— O MIC50 1
S e 00— ——————====== T
Z o r

s s :

§ tcrB negative : tcrB positive
= 0.25 !

e I

e 1

=y I

= 1

S PO — 1

R 000 ==——d m e ————— I

0 2 4 6 8 10 12 14 16 18 20 22 24
Copper concentration (mM)

Figure 5.3: Failure function graph depicting cumulative susceptibilitied-positive[erm(B)
andtet(M) positive]andtcrB-negativeglerm(B) andtet(M) negative] fecaknterococci isolates in

relation to coppr concentration

140



1.00 | |
MIC90 |

=
~J
un
1
1
1
1
1
1
1
|
1
1
1
1
1
I

MICS0

fcrB negative tcrB positive

0.25

Proportion of isolates susceptible
to tylosin
(=]
EL

0.00 | 2===========mmmmmmmmmmo-
[ I I I I 1

0 20 40 60 80 100
Tylosin concentration (ng/ml)

Figure 5.4: Failure function graph depicting cumulative susceptibilitied-positive[erm(B)
andtet(M) positive]andtcrB-negativeglerm(B) andtet(M) negativelisolates ofecal enterococci

in relation to tylosin concentration

141



References

. Nagaraja TG. 1995 lonophores and Antibiotics in Ruminants. p 42@81. In:

Biotechnology in Animal Feeds and Animal Feeding. Wallace, R. J. and A. Chesson (ed.),
VCH Publ., NY.

. Butaye P, Devriese LA, Haesebrouck F2003. Antimicrobial growth promoters used in
animal feed: effects of less well known antibiotics on gpasitive bacteria. Clin.

Microbiol. Rev.16:175-188.

. Marshall BM, Levy SB. 2011. Food animals and antimicrals: Impacts on human health.
Clin. Microbiol. Rev. 24:718733.

. Thacker PA. 2013. Alternatives to antibiotics as growth promoters for use in swine
production: a review. J. Anim. Sci. Biotechnil35.

. National Research Council (NRC)2000. Nutriehrequirements of Beef Cattle™ &d., p.
62-64. National Academy Press, Washington, DC.

. Gant VA, Wren MW, Rollins MS, Jeanes A, Hickok SS, Hall TJ.2007. Three novel

highly charged coppdra s ed bi oc i de s agassaHedthicggassogiated ef ycacy
organisms J. Antimicrob. Chemothe80: 294299.

. Hasman H, Aarestrup FM. 2002.tcrB, a gene conferring transferable copper resistance in
Enterococcus fagunt occurrence, transferability, and linkage to macrolide and
glycopeptides resistance. Antimicrob. Agents Chemo#&14101416.

. Hasman H, Franke S, Rensing C2006. Resistance to metals used in agriculture
production: p 99114.In: F. Aarestrup, (g, Antimicrobial Resistance in Bacteria of Animal

Origin. ASM Press, Washington, DC.

142



9. Hasman H, Kempf I, Chidaine B, Cariolet R, Ersbgll AK, HoueH, HansenHCB,
Aarestrup FM. 2006.Copperresistance ifcnterococcus faeciuymediated by thécrB
gene,is selected bysupplementation gpig feed withcoppersulfate. Appl. Environ.
Microbiol. 72.57845789.

10. Amachawadi RG, SheltonNW, JacobME, Shi X, Narayanan SK, Zurek L, Dritz SS,
NelssenlL, Tokach MD, Nagaraja TG. 2010.Occurrence ofcrB, a transferableapper
resistance gene, in fecal enterococci of swine. Foodborne Pathog.1D&931097.

11. Amachawadi RG, SheltonNW, Shi X, VinascoJ, Dritz SS Tokach MD, NelsseniL,
ScottHM, NagarajaTG. 2011.Selection otcrB gene mediated copper resistant fecal
erterococci in pigs fed diets supplemented with copper. Appl. Environ. Micrdiiéb9 7
5603.

12.Nagaraja TG, Chengappa MM. 1998. Liver abscess in feedlot cattle: a review. J. Anim.
Sci. 76:287-298.

13. Amachawadi RG, Scott HM, Alvarado CA, Mainini TR, Vinasco J, Drouillard JS,
Nagaraja TG. 2013. Occurrence of the transferable copper resistancetgdsjeggmong
fecal enterococci of U.S. feedlot cattle fed copper supplemented diets. Appl. Environ.
Microbiol. Appl. Environ. Microbiol.79: 43694375

14.Hegsta K, Mikalsen T, CoqueTM, Werner G, Sundsfjord A. 2010. Mobile genetic
elements and their contribution to the emergence of antimicrobial regtsti@nococcus
faecalisandEnterococcus faeciuntlin. Microbiol. Infect.16:541-554.

15.Jackson, CR Fedorka-Cray PJ, Barret JB, Ladely SC. 2004. Effects of tylosin use on
erythromycin resistance in enterococci isolated from swine. Appl. Environ. Microbiol.

70:42054210.

143



16.Poyart C, Quesne<s, Trieu-Cuot P. 2000. Sequencing the gene encoding manganese
dependent supexide dismutase for rapid species identification of enterococci. J. Clin.
Microbiol. 38:415418.

17.Clinical and Laboratory Standard Institute (CLSI). 2008. Performance standard for
antimicrobial disk and dilution susceptibility tests for bacteria isolated &nimals.
Approved GuidelineThird Edition. Wayne, PA.

18. Stegeman JA, Vernooji JCM., Khalifa OA., Van den Broek J., Mevius DJ2006.
Establishing the change in antibiotic resistancEragrococcus faeciustrains isolated from
Dutch broilers by logisticegression and survival analysis. Prev. Vet. Mdd56-66.

19.Pillar CM , Draghi DC, SheeharDJ, SahmDF. 2008. Prevalence of multi drugsistant,
methicillin-resistanStaphylococcus aureurs the United States: findings of the stratified
analysis of tkh 2004 to 2005 LEADER surveillance programs. gbiaMicrobiol. Infect. Dis.
60:221-224.

20.McEwen SA,Fedorka-Cray PJ. 2002. Antimicrobial use and resistance in animals. Clin.
Infect. Dis.34 Suppl 3 S93S106.

21.Singer RS, Ward MP, Maldonado G.2006. Carandscape ecology untangle the
complexity of antibiotic resistance? Nat. Rev. Microbi943-952.

22.Fard RM, Heuzenroeder MW, Barton MD. 2011. Antimicrobial and heavy metal
resistance in commensal enterococci isolated from pigs. Vet. Micradi®PR76-282

23.Fluckey WM, Loneragan GH, Warner RD, Echeverry A, Brashears MM.2009.
Diversity and susceptibility of Enterococcus isolated from cattle before and after harvest. J.

Food Protec72:766-774.

144



24.Palmer KL, Kos VN, Gilmore MS. 2010. Horizontal gene transfand the genomics of
enterococcal antibiotic resistanc@urr. Opin. Microbiol.13:632-639.

25.Johnson AP.1994. The pathogenicity of enterococci. J. Antimicrob. ChemoB3ct083
1089.

26.Hancock LE, Gilmore MS. 2002. The capsular polysaccharideéeoterococus faecali@nd
its relationship to other polysaccharides in the cell wall. Proc. Natl. Acad. Sci. USA.
99:15741579.

27.Eaton TJ, GassonMJ. 2002. A variant enterococcal surface protein Esp(fm) in
Enterococcus faeciundistribution among food, commensaledical, and environmental
isolates. FEMS Microbiol. Let216269-275.

28.Vankerckhoven V, Van AutgaerdenT, Vael C, LammensC, ChapelleS, RossIR, Jabes
D, Goossens$i. 2004. Development of a multiplex PCR for the detectioasafl, gelE,
cylA esp ard hyl genes in enterococci and survey for virulence determinants among
European hospital isolates Bhterococcus faeciuml. Clin. Microbiol.42:44734479.

29.Franz CMAP, Muscholl-Silberhorn AB, Yousif NMK, Vancanneyt M, Swings J,
Holzapfel WH. 2001. Incietnce of virulence factors and antibiotic resistance among
enterococci isolated from food. Appl. Environ. Microbi®r: 43854389.

30.Murray BE . 1990. The life and times of the Enterococcus. Clin. Microbiol. Re46-65.

31.Edrington TS, Carter BH, Friend TH, Hagevoort GR, Poole TL, Callaway TR,
Anderson RC, and Nisbet DJ2009. Influence of sprinklers, used to alleviate heat stress,
on fecal shedding d&. coliO157:H7 andsalmonellaand antimicrobial susceptibility of

SalmonellaandEnterococcusn lactatng dairy cattle. Lett. Appl. Microbio8: 738743.

145



32.Anderson JF, Parrish TD, Akhtar M, Zurek L, Hirt H.  2008. Antibiotic resistance of
enterococci in American Bison (Bison bison) from a nature preserve compared to that of
enterococci in pastured datt Appl. Environ. Microbiol. 74:1728730.

33.Hillard NJ, Duffy LB, Crabb DM, Waites KB. 2005. In vitro comparison of agar and
microbroth dilution methods for determination of MICs kbycoplasma hominisJ.
Microbiol. Methods60: 285288.

34.Singh KV, Malathum K, Murray BE. 2001. Disruption of aknterococcus faecalis
speciesspecific gene, a homologue of acquired macrolide resistance genes of Staphylococci,
is associated with an increase in macrolide susceptibility. Antimicrob. Agents Chemother.
45: 263-266.

35.Jaglic Z, Vlkova H, Bardon J, Michu E, Cervinkova D, Babak V. 2012. Distribution,
characterization and genetic bases of erythromycin resistance in Staphylococci and
Enterococci originating from livestock. Zoonoses Publ. H&&. 202211.

36.Roberts MC. 2004. Resistance to macrolide, lincosamide, streptogramin, ketolide, and
oxazolidione antibiotics. Mol. Biotechn@8: 47-62.

37.Aarestrup FM, Agreso Y, Gerner-Smidt P, Madsen M, Jensen LB 2000. Comparison
of antimicrobial resistance phegpes and resistance gene&imerococcus faecalesnd
Enterococcus faeciufnrom humnas in the community, broilers, and pigs in Denmark. Diag.
Microbiol. Infec. Dis.37: 127-137.

38.Wilcks A, Andersen SR, Licht TR 2005. Characterization of transferald&acycline
resistance genes Enterococcus faecalisolated from raw food. FEMS Microbiol. Lett.

243 1519.

146



39.Clewell DB. 1995. Unconstrained bacterial promiscuity: th® T&Tn1545family of
conjugative transposons. Trends Microb#l229236.

40.Chen J, Fluharty FL, St-Pierre N, Morrison M, Yu Z. 2008. Technical note: Occurrence
in fecal microbiota of genes conferring resistance to both macstiidptogramin B and
tetracyclines concomitant with feeding of beef cattle with tylosin. J. Anim8&@&i385
2391.

41.Martinez JL. 2009. Environmental pollution by antibiotics and by antibiotic resistance
determinants. Environ. Pollut57: 28932902.

42.Gillespie SH.2001. Antibiotic resistance in the absence of selective pressure. Int. J.
Antimicrob. Agents17:171-176.

43.Leberton F, Schaik WV, McGuire AM, Godfrey P, Griggs A, Mazumdar V, Corander
J, Cheng L, Saif S, Young S, Zeng Q, Wortman J, Birren B, Willems RJL, Earl AM,
Gilmore MS. 2013. Emergence of epidemic multidrggsistanEnterococcus faeciufinom

animal and commensal strains. mBloe0053413.

147



CHAPTER 6 - Molecular epidemiology of vancomycinresistant
Enterococcus faeciunmsolated from asemtclosed and integrated

Human and Swine population

| ntroduction

Vancomycin, a glycopeptide antibiotic, is theigl of choice for treating enterococcal
infectionscaused by multidrug resista@tam positive bacteridCetinkaya et al., 2000)The
therapeutic use of vancomycin in U.S. hospitals has contributed to the emergence and dramatic
expansion of @ncomycin reistant enterococ¢VRE) over the past three decadEsmond et
al., 1995; Kirst et al., 1998)Vancomycin resistancmongEnterococcuspecies is a major
public health concern inumanclinical settingssincethe rate of oagrrence of VRE$s expected
to increase during the onsetdisease (Harwood et al., 2001l the U.S., VRE are extremely
rare in animals and as a source of community infections in hunfdmedikely reason is that
avoparcin, a glycopeptide growth promatérsely related to vanoaycin, was never approved
for use inanimals in the U.SOnly recently an occurrence ofRE in swinewasreported in the
U.S., unlike in Europe where its presence was well documented during the 1990s (Bager et al.,
1997; Donabedian et al., 20103enerdly, there are five major recognized phenotypes of
vancomycin resistance: VanA, VanB, VanC, VanD, and Vad&h VanA and VanB typseof
resistance ha been implicated in hospital acquired infectiodgnong all the species ofith
gerus Enterococcus faumandE. faecalisare the most commonly reported ageadsociated
with humandisease (Friden et al., 1993; Cetinkaya et al., 2000). Based on the phenotypic and

genotypic characteristics of the bacteBafaeciums consideredo bethe most hosadated
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organism with different ecovars and hggecific groups (Willems et al., 2000). In the United
States, the emergencelffaeciumas a nosocomial pathogen started with an increase in
resistance to ampicillin in the 1980s followeddigergingresistace to vancomycin in the 1990s
leading to an increase in vancomycin resiskarfaeciumPerlada et al 1997; Coque et al.,
2005).

Molecular epidemiological studies and population structure asgahdicatethat the
emergence k. faeciumandE. faealis as major nosocomial pathogens has resulted from the
evolutionary development of specific lineagassclonal complexedarboring antimicrobial
resistance determinants (Willems et al., 2005; GalleRaya et al., 2009More often, these
outbreaks imolve clonal dissemination of strains, not only within the hospitals but also between
hospitals (Moreno et al., 1995Most of the VRE causing human infections have been identified
asE. faeciunof the clonal complex CC17, which seems to haleageda mapr role in the
emergence of vancomycin resistance (Valdezate et al., 2809jies relating to investigating
potential barriers to resistance in commufigsed and agricultural straiofVRES, and also to
understanding evolutionary dynamics in the elissation of VRESs in humans and animals, are
sparse.We hypothesizedhat therearedifferencesn the molecular epidemiology of VRE that
help toexplain this geographical disparity and that understanding these differerssential
for maintaining lowlevels of VRE in community and agricultural settingsha U.S Here, we
compared VREs from both humalerived waste water and swine fecal sampexplore
possible differences iresistance determinant carriage andltwidate the genetic and clonal
differenceghat helpto address the global epidemiological status of each level of genetic

aggregation.The purpose of tkistudy was to characterize VRinhd to determine the
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emergence adny major clonal complessisolated from human waste water effhisand swine

fecal samplesvithin an integrated seralosed agrfood system in Texas.

Materials and Methods

Study population, experimental design, and samplingThe study consisted of both
humans and swine populations arranged in a-stosed vertially integrated agfiood system
at eighteen geographically separated farm anefaion sites in Texas (Scott et al., 2005; Poole
et al., 2005Alali et al., 2008). Aschematic representation of sampling design, consisting of
both human and swine grodgvel cohorts, is given in Fig.1. Humans were housed in 19
geographical units with 12 of the units havinglocated swine operations; one location was co
located with a swine slaughter house facility. Based on occupational exposure, the human
populatonc onsi st ed of both Aswine workero, who ar
and slaughter facilites nd -wWwoobker 06 cohorts, . | mportantl vy,
intake to the system included only ramorkers. All humans were fed in ammon eating area
specific to each cohort with centrally prepared meals. Multiple representative human waste
water samples (n=1,315) were collected at each unit location monthly by trained facility staff.
The wastewater manholes were selected for samiplihgy were determined to be draining a
lavatory facility for each of the appropriate occupational housing cohorts. In addition, influent
samples from the appropriate wastewater treatment plant were collected each month.

The swine population consistedifarrow-to-finisher and groweto-finisher facilities
distributed among the 12 swine units. There was no or little movement of swine into the system
with no movement of live swine out of the system since all the pigs were slaughtered and

consumed withi the system. The swine moved vertically within the system from farrowing
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units and nurseries to grower and finisher barns, and finally to slaughter, where the pork was
processed and fed back to the human population within the system. Fresh floarfesats
(n=486) and the influent samples from the barn wash were collected by a swine specialist
veterinarian. The collected samples were shipped on ice to the {A&3Aaboratory in

College Station, TX for further analyses. The total number of sampkensd in the present

study was purposively selected from the samples which were shipped to the Microbial Ecology
and Molecular Epidemiology (MiELaboratory repository, Kansas State University. All the

fecal samples were processed in duplicates.

Isolation of enterococci. Unless otherwise mentioned all culture media used were from
Difco (Becton and Dickson, Sparks, MDJhe fecal and waste watssamples were processed by
diluting 1 g ofthe samplén 10 ml ofEnterococcoseal broth and incubating ther®7aC for 24
h. The enriched fecal suspension was sppdaittd @ 5Ql onto M-Enterococcusgar
containing 20 pg/ml of vancomycinThe plates were incubated for 286G hat42°C. All
isolates were tested for esculin hydrolysis by inoculating theli®® pl Enterococcosel broth
in a 96 well micro titer plate (Becton and Dickinséranklin Lakes, NJ) and incubating at 37° C
for 4 h. Isolates were stored in Cryocare protect beads (Key Scientific Products Inc. Stamford,
TX) for future use.

PCRforthed et e ct i o nTheONA WaRdkt@aaed by suspending a single colony
in nucleasdree water with Chelék100 Resin (BieRad Laboratories, Hercules, CA) and
boiling it for 10 min. The vancomycin resistance genes were detected according to the procedur
descriled by Kariyama et al. (2000Enterococcus faeciuhTCC 51559) and. faecalis

(V583) were used as positive controls for the screeningiofy andvanBgenes, respectively.
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Speciation of enterococci.Species identification of the enterocatisolatesvas carried
outby a multiplex PCR that identifids. faeciumE. faecalis E. gallinarunandE. casseliflavus
(Jackson et al., 2004The DNA was extracted by suspending a single colony in nuefesese
water with CheleX 100 Resin (BieRad Laoratories, Hercules, CA) and boiling it for 10 min.
The ATCC strains oE. faecium(ATCC 19434) E. faecaligATCC 19433)E. gallinarum
(ATCC 49579) and. casseliflavugATCC 25788) served as positive controls. Master mixes,
primers and running condbins for the multiplex PCR were assdeibed by Jackson et al.
(2004). Speciation was further confirmed by superoxide dismwtadd) (gene sequence
analysis (Poyart et al., 2000).

PCR detection oferm(B) and tet{M) genes. The DNA from enterococcal itates was
extracted as before and subjected to PCR assays for detectong¥R);, andtet(M) genes
(Amachawadi et al., 2013). Primers used in the study were supplied by Invitrogen Life
Technologies (Carlsbad, CA).

Detection of virulence genesVirulence genes detection was done on the vancomycin
resistant enterococcal isolates, by multiplex PCR that idensii@$(aggregation substance),
gelE (gelatinase)¢ylA (cytolysin),esp(enterococcal surface protein), amd (hyaluronidase)
genes. The DNA taplate was prepared using aforesaid proceddrgerococcus faecalis
MMH594 (Dr. Lynn Hancock, Dept. of Biology, Kansas State University) was used as a positive
control. Master mixes, primers and running conditions for the multiplex PCR were as described
by Vankerckhoven et al. (2004).

Antibiotics susceptibility determinations. The MICs of ampicillin, erythromycin,
fusidic acid, rifampicin, and vancomyci8igmaAldrich, St. Louis, MO) were determined by

micro-broth dilution method as per CLSI guideds(CLSI, 203). Antibiotic concentratios
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tested were based on the potency of the antibio8tsck solutions were preparedth sterile
distilled water to obtaiman initialconcentration of D00 pg/mL. Antibiotics were tested at
concentrations of 1) 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, 0.39, 0.195, and 0.098 pg/ mL.
Bacterial cultures grown in 10 mL of Muelétinton Il broth for 6 h and the inocula
concentrations were adjusted to 0.5 McFarland turbidity standards. The susceptibility
determin&ions for antibiotics were carried out using\@6ll micro titer plates (Becton and
Dickson) by incubating plates with the bacterial inocula at 37°C for 24 h and results were
rearded as growth or no growth. MIC determinations were carried out on bodnl{nr62)
and swine (n=8) VRE isolates.

Transferability of vanA genes.A conjugation assay was performed using the filter
mating procedure (Tendolkar et al., 2006) to demonstrate the transferahitigyahAgene
from vanApositiveE. faeciumsolates tovanAnegativeE. faeciumandE. faecalissolates. The
interspecies conjugation wasrformedwith five isolates each afanApositiveE. faecium The
vanApositive donor straindiiman and swine VREE., faecium were resistant terythromycin
(MIC > 100 pg/mland susceptible tafampicin (MIC = 12.5ug/ml) and fusidic acidMIC =
12.5ug/ml). Therecipient strainsg. faecium(BM 4105 RF) and. faecalis(JH2-2)] were
resistant taifampicinand fusidic acidMIC > 100 pug/ml),and susceptible teancomycin and
erythromycin(MIC = 0.78 pg/ml The resultant transconjugants were selected on BHI agar
plates containingifampicin, fusidic acid, and erythromycinThe transconjugants were tested for
vanAanderm(B) genes by PCR and their susceptipitd copper was determined as described
above. The transfer frequenioy each isolate was calculatad the number of transconjugants

per recipient CFU.
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Determination of antimicrobial susceptibility for vancomycin resistant
enterococci. Antimicrobial susceptibility testing was performed with a Sensititre automated
system, according to the manufacturerds instr
using a custom graipositive panelCMV3AGPF, Trek Diagnostics Systejrdesigned by the
National Antimicrobial Resistance Monitoring System (NARMS). order to determine the
potential association between vancomycin resistance and resistance to other antimicrobial agents,
both human waste water VREs (n=62) and swine VREs (n=8) were Mseidhum inhibitory
concentrations (MIC) were determined by the mioroth dilution methoéccording to CLSI
Individual bacterial colonies were mixed with demineralized water (Trek Diagnostic Systems,
Cleveland, OH) tanatch0.5 McFarlandurbidity standardsA 50 pL aliquot of the bacterial
inoculumwas added to MuelleHinton broth (Trek Diagnostics Systems, Cleveland, OH) and
vortexed. Then, 100 pL of the brotlas dispensed into I@m-positive NARMS panel plates
with the aid of the Sensitiffeautomated inoculan delivery system (Trek Bgnostics
System}. Plates were incubated for 18 h at 37°C. The breakpoints were reasrresistant,
intermediate or sensitive based on the&Cguidelineq CLSI, 2013), with intermediate strains
reclassified as susceptilflar statistical analysesEscherichia colATCC 25922 Escherichia
coli ATCC 35218 Enterococcus faecal&TCC 29212 Pseudomonas aeruginosd CC 27853,
andStaphylococcus auredsTCC 29213 (American Type Culture Collection, Manassas, VA)
isolates servedsreference quality adrol strains for MIC testing. The list of 16 antimicrobials
tested, their concentration ranges used, breakpmictsrding to NARMS, and their
classification based on World Health Organization (WHO, 2012) criteria, are shdwble 2.

Multiple -locus variable number tandem repeat analysis (MLVA) ofvanA-

positive enterococci.MLVA, a typing scheme based on six different tandem repeat lo&i.for
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faecium was performed with both human and swine VRE isolates, as per the procedures
described by Top et al. (2004). Six variable number tandem loci (VNTR), VNMRATR-2,
VNTR-7, VNTR-8, VNTR-9, VNTR-10, were used for genotyping \ednA-positive
enterococcal isolatesThe MLVA types (MTs) were assigned based on the sequence results

usng the MLVA database ditttp://www.umcutrecht.nl/subsite/MLVA/MethodThe sequence

analyses foMLVA were performedising ClustalW an&T/CC, andassigned using eBURS3

analysig(Fell et al, 2004)at http://eburst.mist.navith ST/CCs already available in the MLVA

E. faeciundatabase.

Multilocus sequence typing ofvanA-positive enterococci Multilocus sequence
typing (MLST) was performed to determitiee evolutionary relationship between the isolates as
per a previously described procedure (Homan et al., 2002). MLST was performed targeting
seven housekeeping gene$ofaecium(adk atpA ddl, gyd gdh purk, andpstS. MLST on all
70 VRE isolatesvas performed at the Massachusetts Eye and Ear Infirmary, Harvard Medical
School. The eBURST analyses were conducted as stated above in the MLVA procedure to
assign a sequence type (ST) to each isolate according to its allelic profile (Feil et alar2zD04)
then to assign to a clonal complex (CC).

Statistical Analysis The statistical analysis was performed using STATA \L12.
(StataCorp, College Station, TXBivariate descriptive statistics of gene or phenotype
prevalence crostbulated by samplgpe, production stage, unit, and location were assessed
prior to multivariable analysis. Unadjusted differences in prevalence proportions between
variable levels were assessed using the Likelihood ratisqetare test. ThantibioticMIC
susceptibilitydata were analyzed usiagogMIC-transformed and adaptsdrvival analysignd

the MIC was expressed and compared as the mediandMifter a log rank assumption for
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normality (Kassteele et al., 2012)he phenotypic data for 16 antimicrobials werasidered

based on the resistant or susceptible enterococci, both as outcomes (binary) and as the multidrug
resistance profiles. The results were citadailated with each of the treatment groups,\arh
geneprevalence to compare the proportion of esteccal isolates resistant to each of the
antimicrobial agent.The differences in transfer frequency (number of transconjugants per
recipient) ofvanAgenefor both intra and interspecies conjugationeveassessed usirigetwo-

samplet testfollowing anormality assessment usitige ShapireWilk test. The transfer

frequencies were also tested for equality of variance (variance comparis@mtest)

independence was assumdrkesults were considered significant &-aalue of< 0.05.

Results

Prevalence ofVREs, erm(B), tet(M), speciation,and virulence genes

Human waste water samplesA total of 1,315waste water samples were processed
across 19 geographical units consisting of 5 different sample types; workevonier, mix,
hospital, and employgecohorts. A total of 566 enterococcal isolates were obtained (566/1, 315;
43%), which were used for further analyses. Sixty two of the 566 (10.9%) enterococcal isolates
were positive for the presence of VRE (Table 1), with one isolate positive fovdroftand
vanBgenes. All the VRE isolates welte faecium All the VRE isolates also were positive for
erm(B) andtet(M) genes. AlVRE isolates (=62 tested were negative fasal(aggregation
substance)gelE (gelatinase)hyl (hyaluronidaseandcylA (cytolysin) genes; however, all were
positive for theesp(enterococcal surface protein) gene

Swine fecal samplesA total of 616 esculin positive isolates (63.3%; 616/972) were

obtained. A total of 8 VRE isolateganhAgene) were obtained fecal sdegpwere processed
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from13 geographical units representing 8 swine production types nursery, grower and finisher,
farrowing, breeding, boars, holding pen, and sick pig cohorts were examined (Table 1). None of
the isolates were positive for thanBgene. Based ormultiplex PCRall the VRE isolates were

E. faecium All the VRE isolates also were positive &zm(B), tet(M), andespgenes.

Multidrug resistant profile of VREs

The overall MIC distributions and susceptibility or resistance profilegapiconycin
resistank. faeciumsolatesby host (human waste water versus swine fecal santplesch of
16 antimicrobialsalongwith their MICso and MIGyvalues and proportion resistant are shown
in Table 3 The proportion o¥/RE isolates resistant to amf the otheantimicrobias did not
differ betweerhuman and swine VRESolates P > 0.05). Among the human VRES, 50% of
them were resistant to ten or more antimicrobials. The vajgtrity of thehuman VREsolates
(98.2%0; 61/62 were resistant to theeor more antimicrobials, arilduswere classified as
multidrug resistant (MDRRPIllar et al., 2008). Among both human and swine VRE isolages,
highestproportion of resistance w#s lincomycin, tetracycline, tylosin, erythromycin,
penicillin, ciproflaxacin, kanamycin, and gentamicin. All the swine VRE isolates were
multidrug resistant (100%) and were resistant to either eight (n=1), nine (n=1), or ten (n=6)
antimicrobials. The prevalence of multidrug resistant phenotypes among VREs from human
wastew#er (n=62) and swine feces (n=8) are depicted by human occupational cohorts and swine

production stages in Tables 4 and 5, respectively.

Transferability of vanAgene

Tenvancomycin resistarif. faeciumsolateg5 human waste water VRE and 5 swine VRE)
were used to demonstrate both intraspedtesaeciun) and interspecie€( faecalig

transferability othevanAgene by conjugation. The mean transfer frequencies for both intra
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and interspecies conjugationsere 1.8 x 18and 2.0 x 10, respectively The conjugation
frequencydid not differ betweemter-speciesandintra-species P = 0.36). The transconjugants
were positive fovanA anderm(B) genesand phenotypically resistant ¥ancomycin and

erythromycin, respectivelyThe mediarvancomycinMIC of the transconjugants w&3.5

pg/ml.

Multiple -locus variable number tandem repeat analysis (MLVA)
The MLVA procedure revealesianynovel MLVA types (MTs)among human and swine

VRE isolatesas shownn Fig. 2 Among62 humanVREsthreeisolates vere clonally related to

existing MT81, MT89and MT 172in the databaseEight swine VRE isolates were clustered

among seven novel MTsTheVREi s ol ates with unassigned MTO6s v
(Dr. J. Top, University of Utrecht, Netherlande} sequence types and cluster assignment and

also to update the global epidemiological databage falecium On eBURST, clustering of

three of the human VRE isolates slthoee or more than one alleles at loci (MTs 81, 89, and

172) which were from hosjailized patients or clinics in the European Unidime st of the

human VRE isolates were clonally different and did not share any alleles at loci with existing

MTs. The eight VRE isolates were also clonally different and did not share any alleless at lo

with existing MTs in the global database or with the human VRE isolates.

Multi locussequence typinganalysis (MLST)

The MLST sequence analyses revealed two novel sequence types among 8 swine VRE
isolates. Six swine VRE isolates were belonged tedggience type, ST16 and ST132, which
are subgroup founders with their origins being clonal complex 17 (CC17). This clonal complex
is largely associated with hospital outbreaks and nosocomial infections around the world, and is

characterized by ampicilliand quinolone resistance and with the presence @sihgene.
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Discussion

Studies relating to the prevalence of VREs among swine or food animal agriculture are
sparse in the United States. Hence, this study was undertaken to study the potentegtdoarrie
resistance in community based and agricultural strains and to understand the evolutionary
dynamics of the VREs in humans and animals. Therefore, this well characterized study
population, with regards to swine and swine product exposure of humawisiepra unique
opportunity to test intractable hypotheses regarding the potential risk of multidrug resistant
enterococci, coupled with vancomycin resistance, among humans and swine. Our study is the
second report on the occurrence of VREs from swinewkee never given glycopeptides in the
United States. Importantly, these samples were collected in 2004, fully 5 years before the reports
of VRE in show pigs emerged from Michigan (Do
compared VRE isolates ofvine and their affiliated occupational cohorts of human. In this
study population, there was a limited movement of both swine and humans in and out of the
integrated system, and all pork products were processed at the single slaughter plant with the
prodicts being fed to humans within the system. The role of different reservoirs in the spread of
vancomycin resistant enterococci (VRE) remains unclear.

There is clear evidence linking the use of avoparcin, a glycopeptide antibiotic in farm
animals in Eurog, and high levels of VREs in farm animals which subsequently caused
colonization in the human community (Bager et al., 1997). However, the first description of
vancomycin resistant enterococci was based on isolates from show pigs in several Michigan
courties, United States (Donabedian et al., 2010); importantly, in the absence of selective

pressure from avoparcin or other related glycopeptide antibiotics.
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It has been suggested that the rapid increase of VRE in human hospitals in the United States
haaadeen due to a-%0 fold higher use of vancomycin in the U.S. compared to other European
countries, such as France, Italy, Germany, and The Netherlands (Kirst et al., 1998; Bonten et al.,
2001). In the United States, the emergenc& ofaeciumas a nosoaunial pathogen started with
an increase in resistance to ampicillin in the 1980®wed by resistance to vancomycin in the
1990s leading to an increase in vancomycin resiskarfaeciumPerlada et al., 1997; Coque et
al., 2005).

Environmental facta such as those found in farms, communities or hospitals, impose
selective pressures, which likely play a significant role in determining the characteristics of
VREs (Martinez and Baquero, 2002; Willems et al., 2000). More often, horizontal transmission
of vancomycin resistance among enterococci strains is the common route of dissemination, since
thevanAgene cluster resides on a mobile genetic elemedf4@ Earlier studies have
demonstrated the transmission of #a@mAgene between animals and hum&farestrup et al.,

1996; Willems et al., 1999; Woodford et al., 1998hese determinants are located mainly on
mobile genetic elements such as plasmids or transposons, which ensure their spread by
horizontal gene transfer. themajority of cases, #se plasmids are conjugative andhibit a
broad host range in nature (Martinez, 2009)calfryinggenetic elements conferring resistance is
nota fithess burdemreducing the use of antimicrobial agents alone may not decrease the
prevalence of antibiatiresistance bacteria within the gut (Gillespie, 2001).

Studies from Denmark have showed that the majority of the VREs from pigs also can be co
selected for tetracycline resistance, which is highly plausible due to the extensive use of
tetracycline in amal agriculture (Aarestrup et al., 2000; Teuber, 2001). The predominant MDR

phenotype among these VRE isolates suggests that certain clones carrying antibiotic resistance
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determinants are more prevalent in waste water treatment plants versus swisanhpbes.

Besides animal movements in the global market, the selective pressures imparted from the use of
antimicrobial alternatives (e.g., heavy metals such as copper), feed grade antimicrobials
(tetracyclines, macrolides), and other antibmticlackams) may have contributed to the

persistence and dissemination of VRE among swine farms in Europe and also facilitated the
horizontal transfer of resistance determinants via conjugative plasmids or transposons to other
enterococcal hosts (Freitasal., 2011).

The presence of higlevel aminoglycoside resistance (e.g., gentamicin, kanamycin, and
streptomycin) among our VRE isolates is cause for concern as these antimicrobial agents have
been classified as 6cr i tthiCegarizitign (WHOReport, 2002).6 by
A study from Portugal (Araujo et al., 2010) has reported up to 75% resistance to gentamicin and
streptomycin among vancomycin resistenfaeciunmisolates from wastewater and sludge.

Previous studies have also repdrtee prevalence of higlevel of aminoglycoside resistant
enterococci among VRE isolates of wastewater samples (Talebi et al., 2008; Araujo et al., 2010;
Rosenbern Goldstein et al., 2014). A high rate of erythromycin resistance was also reported
among ou VRE isolates. This is in agreement with the study from Talebi et al. (2008), where
they reported high rate of concomitant resistance to erythromycin and gentamicin in vancomycin
resistank. faeciumsolates of sewage sludge and humans.

All the VRE iolates of human waste water and swine feces from our study are resistant to
tetracycline {fet(M)] and macrolide¢rm(B)] genes. This is in agreement with the earlier study
from Michigan, where all the swine VRE isolates (n=6) shown to ¢eatii) anderm(B) in
addition tovanAin the same plasmid (Freitas et al., 2011), indicating thaetaction might

have played a role in their survival and persistence in the absence of glycopeptide use. There is a
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strong evidence from our earlier studies suggestiagresence of acquired copper resistance
(tcrB), macrolide €rm(B)], and tetracyclinetgt(M)] resistance genes on a mobilizable plasmid
amongE. faeciumsolates of swine in the U.S. (Amachawadi et al., 20The abundance @it
least ondetracyclineresistance determinant amo&gfaeciumsolates is more common théor
other gut bacteria sincthat is,the acquired tetracycline resistance is more prevalent in
enterococc{Anderson et al., 2008)

MLVA analyses revealed an extensive genetic dityeesnong our VRE isolates. Both
human and swine VRE isolates were more diverse and heterogeneous, with an absence of
predominant MLVA type or MT. The majority of newly assigned MTs were clonally related in
single or double loci with the already existigipbal epidemiological database. Note that this
does not imply direction or causation. Order of entry into these MLVA libraries is typically
driven by necessity for which clinically derived isolates tend to have an advantagenirieftyf
the 62 humaiVREs and all the 8 swine VREs were novel MLVA typ&e genetic diversity
among theE. faeciumsolates may be attributable to their propensity for geeattbange
coupled with a high rate of recombination (Willems et al., 2009).

MLST analyses reveed the presence of predominant clonal complex, CC17 among swine
VRE isolates. In our study, all the swine VRE were belonged to the sequence type, ST16 and
ST132, which were responsible for hospital outbreaks and nosocomial infections around the
world with ampicillin resistance and presencesspgene (MLST database). To our knowledge,
this is the first report of VRE from swine from the United States with CC17 clonal type. A
specific clonal complex, CC17, has been responsible for worldwide dissemiaittog
hospitals, including the United States (Ko et al., 2005; Leavis et al., 2004). Recent molecular

epidemiological studies have revealed global expansion of this clone, CC17, containing a
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putative pathogenicity island wittspgene (enterococcal suraprotein); this was found to be
more prevalent among clinical isolates (Top et al., 2008). Recently, the same CC17 clone was
reported from swine in Portugal (Freitas et al., 2009). Therefore, it is of utmost importance to
investigate the prevalence dis major clonal complex and factors responsible for its spread to
continue to assess the extent to which these strains have acquired vancomycin resistance
(Gordoncillo et al., 2013). No doubt, as broader studies into populations of bacteria outside of
clinical realms enter these databases, a clearer picture will eni@irggsity among the

multidrug resistant enterocacguggests that no single genotype is favoredpartcular study
environment Multiple drug resistant strains Bf faeciumare moreoften associated with

hospital acquired infections due to transmission of these strains to humans and their ability for
horizontal gene transfeFuture studies are warranted to study the global epidemiology to
understand the spread and evolution of csona mobile genetic elements encoding vancomycin

resistance and to overcome the potential barriers between human and swine hosts.
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Table 6.1: Total number of samples screened selectively for the prevalence of vancomycin
resistanEnterococcus faeciutmy host species

Number positive/Number tested

Host species / genes vanA vanB Prevalence (%)
Human wastewater  62/1315 1/1315 4.7
Swine 8/972 0 0.8
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Table 6.2 : National antimicrobial resistance monitoring system gram positive bacterial panel

(CMV3AGPF): antimicrobialsWHO classificationfested concentrations, atieeir resistant

breakpoints

Antimicrobials

WHO Classification

Concentrations

Breakpoints

of Antimicrobials (ng/ml) (ng/ml)
Chloramphenico{CHL) Highly Important 2-32 O 32
Ciprofloxacin(CIP) Critically Important 0.12-4 O 4
Daptomycin(DAP) Critically Important 0.25- 16 N/A*
Erythromycin(ERY) Critically Important 0.25-8 O 8
Gentamicin(GEN) Critically Important 1281 1024 > 500
Kanamycin(KAN) Critically Important 128- 1024 01024
Lincomycin(LIN) Highly Important 1-8 O 8
Linezolid (LZD) Critically Important 0.5-8 O 8
Nitrofurantoin(NIT) Important 2-64 O 128
Penicillin (PEN) Critically Important 0.25- 16 O 16
Quinupristintalfopristin(SYN) Highly Important 0.5-32 O 4
Streptomycin(STR) Critically Important 512- 2048 >1000
Tetracycling(TET) Highly Important 1-32 O 16
Tigecycline(TGC) Critically Important 0.015-0.5 N/A?
Tylosin tartratgTYL) Critically Important 0.25- 32 O 32
Vancomyin (VAN) Critically Important 0.25- 32 O 32

N/A = Not applicable

'For

with an

daptomyci n,
MIC O 8
’For tigecycline, only susceptible breakpgoin ( O 0. 25
MIC O 0.5

only susceptible breakpoint (

Og/ ml are considered as resis
Og/ ml)

considered as res

has been es

wi t h an Og/ ml are
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Table 6.3: Antimicrobial susceptibilities and minimum inhibitory concentrations (MIC) of
VancomycinresstantEnterococcus faeciuf¥RES) strains isolated from human waste water

and swine fecal samples

Human VREs (n=62) Swine VREs (n=8)

Antimicrobials Resistant 95% ClI MICs59 MIC o Resistant 95% ClI MICg MIC o

(%) (%)
Chloramphenicol  14.5 6.8-25.7 4 4 0 0-37* 4 4
Ciprofloxacin 80.6 68.689.5 4 4 87.5 47.399.6 4 4
Daptomycin 3.2 0411.1 2 4 12.5 0.352.6 4 8
Erythromycin 75.8 63.2-85.7 7 7 100 63-100* 7 7
Gentamicin 56.4 43.269.0 4 4 75 35-96.8 4 4
Kanamycin 72.6 59.7-83.1 5 5 100 63-100* 5 5
Lincomycin 96.7 88.899.6 4 4 100 63-100* 4 4
Linezolid 9.7 3.619.8 2 3 0 0-37* 2 2
Nitrofurantoin 11.7 9.229.5 3 5 0 0-37* 3 3
Penicillin 74.2 61.584.4 6 6 100 63-100* 6 6
Quinupristin / 1 6 0.352.6 1 3
Dalfopristin 42.0 29.555.1 12.5
Streptomycin 66.13 53-77.6 4 100 63-100* 4 4
Tetracycline 80.6 68.689.5 2 6 100 63-100*
Tigecycline 1.6 0.0486 0.06 0.12 0 0-37* 0.06 0.06
Tylosin tartrate 74.2 61.584.4 6 6 100 63-100*
Vancomycin 100 94.2100* 4 4 100 63-100* 4 4

*One sided, 97.5%onfidence interval
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Table 6.4: Prevalence of multidrug resistant phenotypes among Vancosrsgstant
Enterococcus faeciufYREs; n=62) strains isolated from human waste water across their

vocation group

Vocation groups  MDR Phenotypes No. of resistant isolates

Employee CIP-ERY-PEN-SYN-TET-VAN
CHL-LZD-LIN-SYN-VAN
CIP-ERY-GEN-KAN-LIN-PEN-STRTET-TYL-VAN
CIP-ERY- KAN-LIN-NIT-PEN-STRTET-TYL-VAN
Mix CIP-ERY-KAN-LIN-NIT-PEN-STRTYL-VAN
CIP-ERY-LIN-NIT-PEN-TET-VAN
LIN-PEN-SYN-TET-TYL-VAN
LIN-SYN-VAN
CHL-CIP-ERY-GEN-KAN-LIN-NIT-PEN-STRTET-VAN
CHL-CIP-ERY-GEN-KAN-LIN-PEN-STR-TET-TYL-VAN
CHL-CIP-ERY-GEN-KAN-LZD-LIN-NIT-STR-SYN-TET-
TYL-VAN
CHL-CIP-ERY-GEN-KAN-LZD-LIN-STR-SYN-TET-TYL-
VAN
CHL-LIN-SYN-TET-TGC-VAN
CHL-LIN-SYN-TET-VAN
CHL-LZD-LIN-SYN-TYL-VAN
CIP-DAP-ERY-GEN-KAN-LIN-PEN-STR-SYN-TET-TYL-
VAN
CIP-DAP-ERY-GEN-KAN-LIN-PEN-STR-TET-TYL-VAN
CIP-ERY-GEN-KAN-LIN-NIT-PEN-STR-TET-TYL-VAN
Non-worker CIP-ERY-GEN-KAN-LIN-PEN-STR-SYN-TET-TYL-VAN
CIP-ERY-GEN-KAN-LIN-PEN-STRTET-TYL-VAN
CIP-ERY-KAN-LIN-NIT-PEN-STR-SYN-TET-TYL-VAN
CIP-ERY-KAN-LIN-NIT-PEN-STR-TYL-VAN
CIP-ERY-KAN-LIN-NIT-PEN-SYN-TET-TYL-VAN
CIP-ERY-KAN-LIN-PEN-STR-TET-TYL-VAN
CIP-ERY-KAN-NIT-PEN-TET-VAN
CIP-GEN-LIN-PEN-VAN
CIP-GEN-LIN-SYN-TET-TYL-VAN
CIP-LIN-SYN-TET-VAN
ERY-KAN-LIN-PEN-STR-SYN-TET-TYL-VAN
ERY-KAN-LIN-SYN-VAN
LIN-SYN-VAN
LIN-VAN
CHL-CIP-ERY-KAN-LIN-PEN-STRTET-TYL-VAN
CIP-ERY-GEN-KAN-LIN-PEN-STRSYN-TET-TYL-VAN
Worker CIP-ERY-GEN-KAN-LIN-PEN-STR-TET-TYL-VAN
CIP-LZD-LIN-SYN-TET-VAN
LIN-SYN-VAN
LZD-LIN-SYN-VAN

RPRRPRRRRRRRERR

[EEN

i

PRPRPORPRPRPRPRPREPNRPRPRERNONNRPRRPOWRER

*Please refer Table 6.2 for three letter antibiotic observations
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Table 6.5: Prevalence of multidrug resistant phenotypes among Vancossgstant

Enterococcus faeciufYREs; n=8) strains isolated from swine feces across their production

groups
Production MDR Phenotypes No. of resistant isolates
groups

Nursery ERY-KAN-LIN-PEN-STR-SYN-TET-TYL-VAN 1
CIP-DAP-ERY-GEN-KAN-LIN-PEN-STR-TET-TYL-VAN 1

Farrowing CIP-ERY-GEN-KAN-LIN-PEN-STR-TET-TYL-VAN 1

Grower/Finisher CIP-ERY-GEN-KAN-LIN-PEN-STR-TET-TYL-VAN 4

Holding pens CIP-DAP-ERY-GEN-KAN-LIN-PEN-STR-TET-TYL-VAN 1

*Please refer Table 6.2 for three letter antibiotic observations
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Figure 6.1: Schematic diagram illustrating unit locations with human pojulatand the flow
of swine units (farrowing, growdmisher) through the integrated adoiod systen{Adapted

from Alali et al., 2003
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Figure 6.2: eBURSTbased population snapshot of vancomycsistantEnterococcus faecium
on 515 avail abl e MEresocotchbfaeduMi A gMulsiple-Lbcaos t h e

Variable number tandem repeat analysis) dataltege/(www.umcutrecht.nl/subsite/MLVA

eBURST-clustering of 70 MLVA analysis types (MTs) of vancomycin resisiarfaecium
isolates from human wastewater (n=62; in ovals) and swine (n=8; in rectangles). Each MT

represents one node with a difference in one locus
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Figure 6.3: eBURSTbased population snapshot of vancomycin resigiatgrococcus faecium

i solated from swine feces (n=8) with all t

Enterococcus faeciuMLST (Multilocus sequence typi) database

(http://www.efaecium.mist.ne}/ eBURST analyses revealed two major STs (ST16 and ST132;

subgroup founder), both belonged to the clonal complex, CC17 (founder).
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CHAPTER 7 - Summary and Conclusions

Antimicrobial resistance (AMR) is a serious and growing public health concern. Both
prophylactic and growth promotion gs&f antimicrobials have comender increasing scrutiny
in recent years because of concerns over antimicrobial resistance (AMR) among pathogenic
bacteria and the public health consequences of same. Animal agriculture has been blamed both
for the emergence, dissemination, propagatou, persistencef antimicrobiatresistant
bacteria. Measures to control the emergence, amplification and dissemination of antibiotic
resistance have had limited success, in spitearestricted use of many antibiotics. This
suggests that there arengponents impacting the evolution, dissemination and persistence of
antibiotic resistance, which have not yet been identified. There is, therefore, a need for research
to developmitigation strategiethat will reduce AMR at a faster pace.

Intervention gategies to reduce the levelaitimicrobialresistance should be directed
towards reducing resistance dmnsamong food producing animals. Because of concarost
emergence and dissemination of resistance, alternatives to antiaggoswth promiersare
employed in animal feeding. Heavy metals, particularly copper andazewurrentlybeing
used extensively in food animal agriculture. The specific mechatwgnvhich these
antimicrobial alternatives act as growth promoters are unchgaart from their beneficial
effects, these antimicrobials are known to negatively affect the gut environment, potentially
giving rise to immune and metabolic deficiencies, and may also lead to lasting changes in
commensal microorganisms. Enterococci are mesntfethe gastrointestinal tract consortia of

both animals and humans, known to acquire resistance to heavy metals and other feed grade

168



antimicrobials. The genuEnterococcushas gained attention because of the emergence of
multidrug resistant strainfjus becoming important pathogens and ranking as the second most
common cause of nosocomial infections worldwide.

High concentratiosiof copper, fed as copper sulfaseeoften used to increase growth rates
in swine. Bacteria exposed to copper may aeqesistance, and nterococcus faeciulnd
E. faecalisa plasmidborne transferable copper resistartceB) gene that confers copper
resistance has been reportdéd Europe, lhe plasmid also carries macroliggm(B)] and
glycopeptide ¥anA)antibiotic resistance genesuggesting a potential linkage of copper
resistance to antibiotic resistancglso, the transferability dtrB from tcrB-positive totcrB-
negative ent@cocci strains was determinedVe have also showed that theB gene is cared
on a transferable plasmid and provide evidence for interspectesnsber oftcrB anderm(B)
genes in enterococcln our study, altcrB-positiveisolates contained trerm(B) gene and were
phenotypically resistant to erythromycin. Enterococaahigs in our studies were also positive
for tet(M) and phenotypically resistant to tetracyclines.

The potential link betweettrB and antimicrobial resistance genes and the propensity of
enterococci to transfeécrB to other strains raises the posstiithat copper supplementation
may exert selection pressure for antimicrobial resistant enterod®ecause tetracycline
resistance is provided in so many different ways, coded by many different genes located in a
variety of locations within the bacterigenome and on plasmids, tharevaried fithess costs
associated with their presence. These fitness costs help determine the baseline prevalence of
strains of bacteria harboring these resistance factors when comparing these to strains competing
for spae and resources within ecological niches in the gberefore, a longitudinal study was

conductedn pigletsto investigate the effects of-fieed coppe chlortetracycline, and tylosin
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alone or in combinatigron selection and eselection of resistare strain®f fecal enterococci
(Chapter 3). Theoverallprevalence ofcrB-positive enterococci was 14.3% (372/2,592).
Among the 372crB-positive isolates, 331 weke faeciumand 41 werde. faecalis All tcrB-
positive isolates contained bahm(B) andtet(M) genesin pigs, so did all of the other
enterococci we examinedrhe median MIC of copper foerB-negative andcrB-positive
enterococci was 6 and 18 mM, respectiveline najorities of isolates (95/100) were resistant to
multiple antmicrobids, and were classified as multidrug resistant (MDR)e supplementation
of copperin combination with chlortetracycline or tylos@ppeared to haven additive effect

on the prevalence ¢€rB gene among fecal enterococci of pigletisiderstanding # impact of
feed grade antimicrobials, including heavy metals, on the evolutionary and ecological versatility
and flexibility of the gut microbial consortia is important to mitigate the problem of antibiotic
resistance. There is limited information on it@act of antibiotic alternatives on antimicrobial
resistance in food animals.

Since the prevalence tifetcrB genehadnot yetbeenreported in cattlewe conducted a
study in feedlot cattle to investigate the effects of feeding copper on the poevaferopper
resistant enterococii cattle feces. The present study was conducted to determine the
occurrence ofcrB gene in fecal enterococcal isolates of cattle supplemented with elevated (100
mg/kg) levels of copper in the diet and to determine ptygic susceptibilities to copper,
tetracycline, tylosin, and vancomyci@l{apter 4). A total of 22 isolates, each identified&s
faeciumwere positive fotcrB, with an overall prevalence of 3.8% (22/576). The prevalence
was higher among the cattledf diets supplemented with copper (6.9%; 95% CI: 60%02)
compared to normal copper or conti@ts(0.7%; 95% CI1-0.000.02). ThecrB-positive

isolates always contained bathm(B) andtet(M) genes; however, amongB-negative isolates
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the phenotpe varied. Median copper MICs ftarB-positive andcrB-negative enterococci

were 22 mM and 4 mM, respectively. The transferability ot¢hi® gene frontcrB-positive

strains tacrB-negative strains was demonstrated via a filter mating assay.-Ibtuls variable
number tandem repeat analysis revealed a genetically diverse and heterogeneous population of
enterococci. The finding of a strong association between the copper resistance gene and other
antibiotic (tetracycline and tylosin) resistance dataants may be significant because

enterococci remain potential pathogens and have the propensity to transfer resistance genes to
other bacteria in the gutn summary, Chapter 4) the feeding of elevated dietary copper levels
resulted in an increasedgwalence ofcrB-mediated copperesistant fecal enterococci in feedlot
cattle. ThecrB gene was on a mobilizable plasmid, which is strongly suggestive of potential
transferabilityof the gene under selection pressure. fifiding of the strongassociabn

between copper resistance and other antibiotic (tetracycline and tylosin) resistance determinants
may be significant becausetbk propensy of enterococci to transfeesistance genes to other
bacteria in the gutvhen placed under selection pressufarther studies are needed to

investigate the effects of feeding antibiotics and their association with copper resistance gene in
enterococci to better understand the potentiededection and molecular epidemiology of

multidrug resistant enterococai cattle.

The high propensity of enterococci to acquire, express and transfer antimicrobial resistance
determinants (horizontal gene transfer) enhances their ability to sustain antibiotic selection
pressure, and therefotbgyhave become important oppamistic and nosocomial pathogens in
humans. Because antibiotic resistance genes doeated withtcrB on the same plasmid, it is
possible that feeding elevated level copper in the diet m&gleat for enterococci resistant to

antibiotics in the absee of antibiotic selection pressure. The presence of both antibiotic and
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heavy metal resistance genes may help in the plasmid maintenance in environments with no
selection pressure of antibiotics. Because of the potential link betar®anith erm(B), we

hypothesize that copper supplementation may exert selection pressure for enterococci to become
resistant to macrolide€hapter 5). The prevalence dtrB-positive enterococci was also higher
among cattle fed tylosin (tylosin and copper + tylosin grp@g£100; 6.0%) compared to groups

that did not receive tylosin (control and copper groups; 13/400; 3.2%). The prevalé&ré of
positive enterococci was higher in cattle fed diets supplemented with both copper and tylosin
(17/200; 8.5%}han either oftie dietary supplemengdone(copper, 9/200; 4.5% and tylosin,

7/200; 3.5%) This suggests that copper and tylosin in combination exert an additive selection
pressure fotcrB-positive enterococci.

Similar totcrB, the prevalence adrm(B) positive enteococci was higher among cattle fed a
higher concentration of copperapper and copper + tylosin grougd8/400;52%) compared to
groupsthat did not receive higher concentration of cogpentrol and tylosin grout67/400;
41.7%). The prevalence arm(B) positive enterococci waaso higher among cattle fed tylosin
(tylosin and copper + tylosin groups; 201/400; 50.2%) compared to groups that did not receive
tylosin (control and copper groups; 174/400; 43.5%). This suggesthehfaeding of elevat
dietary copper and tylosin alone or in combination reduttean increased prevalence of
macrolide resistancefm(B)] amongfecal enterococci in feedlot cattlén Chapter 5, we
explored the possibility thé¢eding of elevated dietary copper ana$yh aloneor in
combinationresulted in an increased prevalencécdd anderm(B) mediated coppeaand tylosin
resistant fecal enterococci in feedlot cattle. This is suggestive of potersi@lemtion of both
copper and macrolide resistance determisiaue to selection presssifeom copper and or

tylosin supplementationfFuture studies are warranted to investigate the factors involved in
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maintenance and dissemination of these resistance determinants andseé&cton

mechanism in relation t@éd grade antimicrobials usage in feedlot cattle. Therefore, monitoring
antimicrobial resistance in enterococci of food animal origin is important for preserving the
therapeutic value and efficacy of the antimicrobials.

Vancomycinresistant enterococ(VRE) have emerged as important nosocomial human
pathogens in the United Statddorizontal transmission of vancomycin resistance among
enterococci is largely attributed to the genetic determiveamfy, which typically resides on the
mobile genetic eleméMnl1546in conjugative plasmids. We earlier reported for the first time
nontclinical human VRE isolated from community wastewater in a s#osed agrfood system
in Texas. The purpose of the present study was to characterize the virulence genes in
enteococci that are often associated wiinAtype resistance, perform multilocus sequence
typing for across host comparisons, and to determine the transferabilityvainthgene to host
specific or norhostspecific susceptible enterococcal isolates wigwgation and comparison
these traits with vancomyecisusceptiblé€e. faecium(VSE) isolates.In the US, VRE are rare in
animals andinlikely as a source of community infections in humans. The reason is that
avoparcin, a glycopeptide growth promoter elggelated to vancomycin, was never approved
for use in animals in the.8. Only recently, for the first tim@éasthe occurrence of VRE in
swinebeenreported (Donabedian et al., 2010). We hypothesize that there are differences in
molecular charactetiss of VRE to explain this geographical disparity and that understanding
these differences is essential for maintaining low levels of VRE in community andlagal
settings in the URhapter 6). In the present study, we compared VRE isolates ofesamnd
their affiliated occupational cohorts of human. In this study population, there was a limited

movement of both swine and humans, integrated system, and that all pork products were
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processed at the single slaughter plant and the products werddaetodhuman within the
system. Our study is the second report on the occurrence of VREs from swine populations that
had not previously been exposed to glycopeptides in the United States. All the swine VRE
isolates belonged to a specific clonal compl@k17, which has been responsible for global
wide dissemination among human hospitals, including in the United States. All the VRE isolates
of human waste water and swine feces from our study were resistant to tetratgithMié¢ 4nd
macrolide erm(B)] genes. Diversity among the multidrug resistant enterocstggests that no
single genotype is favored inparticular study environmentMultiple drug resistant strains Bf
faeciumare more often associated with hospital acquired infections due sonissmon of these
strains to humans and their ability for horizontal gene tran§fegture studies are warranted to
study the global epidemiology to understand the spread and evolution of clones via mobile
genetic elements encoding vancomycin resistandg@overcome the potential barriers between
human and swine hosts.

The use of antibiotics has resulted in an increased efficiency of livestock production and
provideda means of producing a low cost, high quality proglicteliver toconsumers.
Antibiotic use in swin@nd cattleproduction has benefits in all stages of production, the most
important effect being improvements in growth performance. While a mode of action has yet to
be elucidated, it is likely that many factors contribute to the growdmotion effect of
subtherapeutic antibiotics. Subtherapeutic use of antibiotics is under increased scrutiny due to
theincreasingprevalence of antibioticesistant bacteria. Research has défiely shown that
bacteria have developed resistanca wide variety of antibiotics and it is unlikely that
resistance will decrease withe current production practicésmly in place Concerns of

antibiotic resistance in pathogenic and commeeastdricbacteria, as well aa the environment
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are welldocumented. There is also evidence that resistance to some antibiotics will not decrease
even with the removal of antibiotics from livestock feeds. Research on the prevalence or causes
of resistant bacteria in livestock production are probably less iamgdhan finding ways to
reduce or eliminate resistance, while still providing producers with a means to sustain hgh level
of production. Decisions on future gs# antibiotics in animal agriculture must be made with
attention to sound, scientific regeh taking into consideration not only the risks of antibiotic
resistance, but the health benefits that antibiotics provide to the animal and the safety of products
consumed.

The use of antimicrobial compounds in food animal production provides demedstrat
benefits, including improved animal health, higher production, and reduction of foodborne
pathogens.The effect of these antimicrobials on the susceptibility of both commensal and food
borne bacterial species is heavily debated and has potentialltamp@mifications for food
safety. The issues surrounding antibiotic resistance in bacteria of food animal origin are
complex and of high relevance to industries, consumers, and health care proAgiers.it is
generally accepted that any antimidedluse willprovidea selective pressure for antimicrobial
resistance While the use of antibiotics in livestock is known to select for resistant bacteria, and
impact of these organisms and the resistance genes they carry are not clearly understood. In
contrast to Europe, regulatory agencies in the United States and other countries have not imposed
total bars on the nontherapeutic growth promoting use of antibidticsugh in the United
States, a voluntary withdrawal period of 3 years was set in pldeedember of 2013)In
United States, newer restrictions have focused on the withdrawal of antibiotics deemed critical

for use in humans.
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It is likely that both risks and benefits are realized in the use of antibiotics for food animal
production. Giva that there is an increasing prevalence of antimicrobial resistance and that this
resistance has clinical implicatioribere is a critical neefdr effectivemitigation efforts. Such
actions will require collaborative efforts by several partners, imofuhe farming, veterinary,
medical, and public health communities. There is a need for enhanced surveillance for
evaluating and directing the use of antimicrobials in animBécause iffeed antimicrobials
provide a continuous selective pressures ot unreasonable to believe they have an effect on
the susceptibility of bacteria with which they associate. Finding replacements for antimicrobial
growth promoters and management changes will play a key role in maintaining animal
productivity in theirabsence. It is unlikely thahysingle replacement will be found that will
prove to be economically viable. Also, we need to develop a better understanding of how
bacteria acquire resistance, the importance of mutated strains, plasmids, intagolasnality.
Trace amounts of antibiotics and or heavy metals could act as selection pressures for
maintenance and eoansfer of antibiotic resistance genes. Acquisition of antibiotic resistances
through mechanisms of selective mutations and lateral gem&fe¢r may be acting in concert
with other natural mechanisms of genetic adaptationsgrdiverse range of bacteria. In the

end, the sheer complexity of the problem makes progress seem daunting, which is why it is

important to always returntothe mantr of r esi st ance: Ain all case:¢
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Appendix A - Cumulative susceptibilities oftcrB-negative andtcrB-

positive enterococcal isolates to copper

Figure A.1: Cumulative susceptibilities afrB-negative ent®coccal isolates to copper
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Figure A.2: Cumulative susceptibilities #€rB-positive enterococcal isolates to copper
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Appendix B - Schematic diagram showing intra and interspecies

conjugation or transferability studies

Donor strains Recipient strains

Plasmid
tcrB
erm(B)
tet(M)

E. faecium (or) E. faecalis E. faecium (TX5034)
terB*, erm(B)*, tet(M)* E. faecalis (OG1SSp)
Spectinomycin sensitive terB-, erm(B)", tet(M)~

Tetracycline resistant Spectinomycin resistant

Tetracycline sensitive

Transconjugant

Selected on agar medium containing
Tetracycline and Spectinomycin

Figure B.1: Intra and intetrspecies transferability ¢€rB gene
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Donor strains Recipient strains

+

Plasmid
vanA
erm(B)
tet(M)

E. faecium E. faecium (BM4105 RF)
vanA*, erm(B)*, tet(M)* E. faecalis (JH2-2)
Rifampicin and Fusidic Acid sensitive vanA-, erm(B), tet(M)"
Erythromycin resistant Rifampicin and Fusidic Acid resistant
Vancomycin sensitive

Transconjugant

Selected on agar medium containing
Erythromycin, Rifampicin, and Fusidic Acid

Figure B.2: Intra and inteispecies transferability aanAgene
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Appendix C - Pictures from the swinetrial
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Appendix D - Pictures from the cattle trial
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