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ANTIMICROBIAL USEHRGODAGTING ANIMALS CHAPTER 1.1

ANTIMICROBIAL USEPRGHQMMIING ANIMALS

1. DEFINING ANTIMICROBRNAUISTRICTU SENSU
Antimicrobials in broad sense are defined as direcnguimndsentjamisms. They
include antibacterial, antiviral, antifungal and antiprotozoal compounds (EPRUM
compounds or antibiotics are then determined as compounds with a direct action or
occurring and (geha)g chemical compoundactsuch asd quinolones, respectively. Ne;
antibacterial activity, certain antibificnsdels asdyyrimidines show activity against «
(Giguere, 2013). Throughout this revibwotletentinispdaglararmotics or antibacterial
agents/compounds when referring to substances with antibacterial activity.

2. DIFFERENT AIMS FOR THE USE OF ANHRODOUCTING AQMALS
The use of antibacterial compounds in vetiEihaoppraitécensta became available for
treatment of human diseases in mid 19808qraya20@3) the first arfobmélyto be
introduced to food animal medicine pethellif40ss butst likely alreadythsdtdiefore as
antibacterial compound to treat bovine mastitis (Gustafson and Bowen, 1997; Ary
veterinary medicine, antibiotics are used to prevent and to treat bacterial infections ¢
a group of animals)(FPeblerttive treatment or piseflarisd ag¢aement before clinical
signs of disease, in order to prevent the onset of disease or infection (EPRUMA, 20!
decreased production results. Prevention is based on a high probability of disease to
wheranimals are generally recognized as more susceptible to infedbansléSchwarz
2001). Curigastopkoduction systems rely on the application of antibiotics to groui
Examples of when these strategic treatchanesprey@atitorroediarrhoea in weaned pigle
veal calves through medicated feed or medicated milk replacer respectively, necre
caesarean section or other surgery, transport and rMnamynadgnaTye v s
the end of lactation in dairy cattle (SchwarclEn@@Hgsllike treatment of an ill anim
group of animals precedkagbysis of a disease or infectioatiige catléderapeutic
(EPRUMA, 2013). In veterinanyratiedi¢reatrhestoigdiiiked to the individual animal, as
large groups of animals are often already treated before infection is spread to all a
practicemgtaphylaxisontrol treatriiéig can be definedeasnieattof a group of animals
after the diagnosis of clinical disease in part of the group, with the aim of treating th
and controlling the spread of disease to animals in close contact and at risk wt
(subcliigainfected (EPRUMA, 2013). Metaphylaxis may not only reduce the numt



ANTIMICROBIAL USEHRGODAGTING ANIMALS CHAPTER 1.1

animals. It could also decrease the total amount of antibacterial agents needed to
symptomatically ill animals, consequenthcestafbghineainetral., 2001).

The introduction of antibiotics to cure or prevent diseases and infections came alor
advantageous production effects in animals of small amounts of antibiotics in fe
observatiohteeding fermentation waste from tetracycline production to chickens (Gu
1997). The mechanisms behind the benefits of using antibacterial growth promoters
revealed (Edqvist and Pedersen, 2000, Reiughathe€20%8)of antibacterial compounds
low, subtherapeutic dose over long periods of time, showed to promote growth rates
iImprove egg production, to increase litter size in sows and to prevead avidduced mi
ketosis in dairy cows (Edqvist and Pedersen, 2000; Page et al., 2005). Furthermore,
against certain diseases promoted by intensification of animal production. As a resu
integrated part of seseraiseduanimal husbandry production systems.

Tablé Reasons for antibiotic ysedudowd animals individually or at group level and
frequently applied administration routes.

Antibiotic administt Individual Administration r
treatment

producing animalg

or
in -

Oral, via feed or
Topical

Preventive treatm
prophylaxis

Before clinical sig
disease

Group of animals

Parenteral

Curative or therapg

Precededabyiagna
of alisease or infeg

Mostly individual

Metaphylaxis or ¢
treatment

After the diagno
clinical disease in
the group

Subgroup of anim

Oral, via feed or

Growth promotion

To promote growt
and feed convelg
improve productior

Group of animals

Oral, via feed

"The use of the last 4 antibacterial growth promoters have been banned in the Eu

(European Commission, 2005).
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3. ANTIBIOTIC CLASSES IN VETERINARY MEDICINE
The number and variety of antibacterial compounds available for veterinary use hav
penicillin was used as the first antibiotedioivetdnzergiitb different antibiotic classes
are currently licensed in the world. An antibiotic class can be defined as a group ¢
mechanism of action, regardless of chemical structure (Colliggsms,ediabig209). W
subgroups or generations might be present with activity against different spectrums
3" generation cephalosporins have deositaseduBramreasetgatam antibacterial
activity compared tog#reeration (Prescott, 2013). Yet, in general, newer generatior
developed to improve pharmacodynamic and pharmacokinetic traits and to overco
(Chopra and Roberts, 2001).
Besides working mechanism and specttinmofictassebémcterized by several feature
these might differ or match to various degrees between and within classes. These cl
bioavailability, tissue penetration, elimination routes, toxicity raethlsteraaite@n with
antibacterial compounds. The latter can result in either synergism or antagonism. /
antibiotics are not a part of this thesis, they will not be further discussed.

4. ROUTES OF ADMINISTRATION
Antibacterial dradsyet®rinary drugs, can be administered via various routes. Local «
foogiroducing animals involves cutaneous (through -Hrécslan) otegal, intra
auriculair, and finatlgrmirary anditevirze as thm moutes. Systemic use is defined as e
administration via oral or parenteral routes. The latter includes then intravenous, intre
transdermal and subcutaneous injection (EPRUMA, 2014).

Oral administratioqpnodooiignais is performed either by medicated feed or water. |
premixes or water soluble drugs are then mixed in feed and water under controlle
powders are available and can be mixed into the feed on the farm.

As mentioned abawanals for food production, the number of animals treated is oftel
what wants to be achieved by giving antibiotics, prevention, metaphylaxis or treatme
expanded to the routes of administration (Tiablarid. Mma@pinglastic treatment of group
animals by oral administration through feed or water has been reported for veal caly
and poultry (Persoons et al., 2012). Nevertheless, in dairy cattle, df thgoand of the |
therapy is appliedmarmtrary injection and thus topical therapy is here used to a la
animals (Schwarz et al., 2001). In intensive livestock farming, parenteral therapy mic
in order to cure sidkaimgivals (Schwarz et al., 2001).
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Furthermore, concerning dosing and administration routes, in veal calves, it has
administered antibiotics are often underdosed compared with the recommendations
(Parden al., 2012). In poultry, orally administered doses were generally more respet
2012). Parenteral treatment was more often overdosed (Pardon et al., 2012). Unco
specific implications regarding devidoponeot sexistant mutants depending on the ar
used and the bacteria on which selection pressure is exerted. Potential effects
resistance related to dosing are more exQhimet iridBidhetaihasis.

5. IMPACT OF ANTIMICROBIAL RESISTANCE EMERGENCE ON TH

USE POLICY

The potential risks associated with the extended use of antibiotics, and more in pat
already expressed by Alexander Fleming in 194hidtideede fomeaninaitience betwee
the discovery and production of antimicrobial agents, their introduction into clinic:
emergence of resistant bacteria is unmistakable {Sahvlayz2@6tl).Chasldecades,
scientists liputealth services as well as organizations dealing with animal health he
tireats associated with resistance, namely a decreased animal welfare, endangered
as well as a continued food production ndeapr@SQirdHEBE, 2013).

5.1. THE SWANN REPORT
In 1969, a joint committee of scientists expressed their concerns on a potential high
of resistant pathogenic bacteria in man associated by givingharRéypaircs1i@6anhimals
Clear recommendations on the use of antimicrobial compounds in animal husban
inform policymakers. They urged for a control of antibiotics in feed, as well as ther:
surveillance of animalaancelated resistant bacteria and research on possible other v
the burden of infectious diseases was proposed (Swann report, 1969).

5.ZTHE BAN ON ANTIMICROBIAL GROWTH PROMOTERS (AGPs)
Following the Swann Report, a broader debatezarishef @oidntéic resistance linked
antibiotic use was initiated in both animals and humans. The prospective farm study
al., 1976) and many other studies in the following decades clearly dehtowstrated the
dose, nontherapeutic AGP on both the pathogenic and commensal flora of food al
swine and cattle (Marshall and Levy, 2011). In Sweden, findings on the risks associe
use of antibacterial compounasddbelyharapy and on veterinary prescription from 19¢
(Wierup, 2001). The European Union followed with the ban of the growth promoter
bacitracin, spiramycin, tylosin and virginiamycin in 1999 (Chselastl 4taalipRAi@3). St

10
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permitted as feed additives to help fatten livestock have only been banned in the EL
final step of phasing out all antibioteedisaddormuses (European Commission, 2005).
Outside Euripease of antibiotics as growth promoters and without veterinarian pre
accepted for a large range of compounds, such as tetracyclines, macrolides,
streptogramins (Chopra and Roberts, 2001; Reti et &. ud&B)n¥eadimgrragealatory

and political scrutiny in both the United States (US) and China. The use of antibiotic
increased performance, and improved feed efficiency would no longer be permitted
2013). ¢emtly, the Center for Veterinary Medicine of the American Food and Drug /
announced the withdrawal of 16 antimicrobial drug applications in 2014 in order to pt
production purposes, necessary foriadagurapiaaihanimals (FDA, 2014). Addition:
certain antibiotics of critical imporfAgerematiimasephalosporins, are likely to be restri
human use in the near future even if they are important for amynaDtiBease tre:
Furthermore, they urge on the requirement for veterinarian involvement in the dec
(FDA, 2012).

5.3CLASSIFICATION OF ANTIBIOTICS ACCORDING TO ANIMAL AND Pl
Many antibacterial classes and/or subgsanesusétibatasisdhuman and veterinary mec
(Moulin et al., 2008; Collignon et al., RBYIheCagearihiba@penems, lipopeptides and
oxazolidinones have no veterin@olistijuigaterizen some of the carbapseehas, althoug|
last resort in the treatxenidgiiectrudactamase prodisthgrichiaiE89BL) infected
patients in human medicine, are in a more or lesser extent used in veterinary medic
the cascade legislation #Gil2808tAs a result , the use of certain antibiotics give par
debate regarding the impact of increased resistance in human and/or veterinary me
transmission of resistant determinants betweenna@fia Whatldudeaidh Organization
( WHO) devel oped criteria to rank anti
I mpoedhiaghPy i mportants3 or 2impordant3)
prudently both in human and veterinary medicine (2011). These lists aim at he
stakeholders to determine which types of antibacterial agents could be used in food
determine how these agents mightdoe sngiteageih{al therapy or mass treatment via
prohibiting 2tie use, etc.). Meanwhile, a second and third revision of the list have b
and 2011 respectivelyalioate the classification of antimicrobiats andhgpdatastioé li
recent developments (WBila€lg1as in human medicine, in 2007, the World Orga
Animal Health (OIE) established a critesiatibasteid@n s aded Hprfoddcing animals
with the objetsadeguard the efficacy and availability of veterinary antimicrobial ag
diseases where they are few or no antimicrobial alternatives (OIE, 2007). The list furt

11



ANTIMICROBIAL USEHRGODAGTING ANIMALS CHAPTER 1.1

veterinarians in their therapeutic choice.list exasioed 2012 and within the One H
concept, a joint expert group of the OIE, the Food and Agriculture Organisation (FAC
specific recommendations to the fluoroqirevldiiégenedhtive 8f cephal@sgorins (

2014). Among the Veterinary Critically Important Antimicrobial Agents (VCIA) in tt
classes are considered to be critically important with respect to transmission of resist

Only very recently, a French grouplishegpeensedsbalology in order to evaluate and re
antibiotic use practices at risk in order to decrease humeatsardsaciatad hedhh t

resistance determinants selection (ANSES, 2014). The method does not solely
importance of a certain class to treat infections in animal and human health, accotr
respectively, but equally the routes (local, parenteral, oral and other routes) and re
(curative, metaphylactic or prekentioee, dditional factors specific per animal spe
production staghith antibiotics are administered and the potential for alternatives
accounthis methodology resulted into a categorization per aniraalipoiduction s
( sub) cl a &es pratiquesm ristue g abandgidedarsts #siit a abandonner la
pratique afekre? pratiques § encadrer?3® and 2L

Furthermore, in Belgium, AMCRB el gi an “~centre of kK now
ani mal s pu,hasldevelopeditadodr cedasagBigraul2stances licensed in veterin
medicine. The aim of tohmevetaerioalians)farmerscaddepaslic
makers on their importance for human and animal health. Also, the cplour codes
presented in tablech, have to be fulfilled before the active sulistarassicearmieauskd.
the cotocodes is based on the WHO and OIE lists ranking antibiotics with importa
animal health (WHO, 2011, OIE, 2014). Also the advice of the Health Council of the
taken into account. When producing the Visis tprinuityawdse gith. Witbalotheded
substandbs]uoroquinolone€ami?Beneration cephalosporins, can be found, emphasi:
relevance in human and veterinary medicine (AMCRA, 2014a).

12
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TableCondi ti ons for use of active subst
AMCRA (2014a).

Can the active | Can the active subg Should an additii Should an antimic
substance be us{ be present in the st| diagnostic labord susceptibilégbe
for preventive 2 months at the her test be done? | performed?
reasons?

No Yes It isneferred It is preferred

No Yes Condition for usgq It is preferred

5.AMEASURBMFDIAGE
Antibiotic consumption data are a key element in the establishment of strategies for
national and/or regional levels such data are vital for detecting trends in use, as
responsible use campaigmggdaskemh measures gislatias lestrictions afduse,
implementation of animal health prevention measures.
As a result, surveillance of antimicrobial use has been widely recommended internat
and data collection promoted in all sectors of use (human medicine, veterinary mg
(FAO/OIE/WHO, 2003).

6. QUANTITIES OFAANDBBUSED

6.1HOW TO MEASURE?
Sweden and Denmark, followed by Norway and the Netiaerlemitctireyantiofiedtdales
data from the nometi@gidngemach et al., 200 ENQRLL2; SWEVRRSI, 2Bbg;et
al., 201BANMAP, 2013; MARAN, 2013). Different indicators and technical units c
antibiotic use Wprtmheting animals can be used with advantages and disadvantages
(Tablg. In the above reports, the total use s @ximessdchotike substaraaduahd the
biomass of the animal pbpslkat®onsed as denominator data (UngemacWET al., 2006;

13
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2012; SWEERVARM, 2803; et al., 2DABMAP, 2013; MARAN, 2013). This method a
crude estonatf how usage evolves in time and between countries or geographical a
denominator data equally make it possible to compare animal species or product
species, farmers or food animal producers, aedetveter@at@ns/@sranany of the veterin
antimicrobial products are licensed for several species, and an approximation is re
amounts sold to the different speciesddbs sélhtioe tage into account doteranyces i

of an active substance (Jensen et al., 2084ane8igeseanton Zephalosporins have a
higher potency compared to old substances as tetracyclines and trimethoprim, resu
per kilogram of body wesghartktwithin antibiotic classes (LEI, 2011; Silley et al., 201
an alternative way to quantify consumption data is by expressing the use in terms
applied in an animal spdiffesentsts in daily dose bisitreeagestsippharmaceutical forms
animal species and countries give rise to the need of standardized doses or defin
(DDDA), as proposed by the European Surveillance of Veterinary Antimicrobial Cor
ESVAC coosortias defined the Defined Daily Dose Anihat éDDDAl asu me d
mai ntenance dose per day per.ThedDbAOA Yy
not defined at product level but for each antimicrobiabatgeatddmmistrspiecies and
when appropriate, also age group, and is not related to one country. As these stz
currently missing, a group of experts recently attempted to assign standardised
authorized in digcpom in Belgium, Germany, France and Sweden (Postma et al., 201"
on compari$coumtries, the use of DDDAs is combined with reliable usage data pe!
because country overall average is influenced byiesiarad teenelgrepan inaccurate
indication of true differences of exposure, per species (Bondt et al., 2012).

In order to take into sacudtarteadisbe and duration of treatment, ESVAC equally def
Defined Course Dose Animal (D@idAeasmcak unit. Whereas the DDDA and the DC
the potency of being harmonised between countries, the Prescribed Daily Dose for /
Daily Dose for Animal (UDDA) are units expressing the prescribechdefteidtal dose &
conditiofiie UDDA reflects valuable information regarding the precise amounts of
selection pressure and allows to estimate the correctness of administ&ed doses rel
result, it would be in cotifkot matinre to standardise them betiveek wopazies.
comparisons, numbers of DDDA or DCDA used by animal species or specific weig
number of animals produced or livestock by country and year, hathberdigaitgrosed by
for reporting consumption. This presents then the number of standardized daily ©
respectively administered for an animal species of a specific weight group in year by

14
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Tabl& Indicators and oadigptechnical units of measurements of-arddictioguse in food

ani mal s. For each indicator, nomi nator
technical units of measurement.
Indicator | Technicalt| Nominato| Denominatg Pr o3 s |[Con?3 s
antibiotic ug of
measurem
Amount Weight Total amd Number of | - Direct - Requires
active active of  actiland slaught accessible| reallocation
substance | substance| substance animals 'AHO";_S _ thet_;rr;pwlrm
: combinin antibiotic®lg
/blgmass sold (kg) | standard w different g o the diffd
animal aftreatment| _ . spe  species
population Differences
risk potency are
taken in
account
DDDA/100(¢ DDDA Number | Number - No bias ¢ - Requires
animals/yea DDDA u{ animals to differery harmonizat
by anim{ produced in potency|  for
species | livestock comparisor
weight grq time span (y
UDDA/100¢ UDDA Number | Number - Estimates| - Requires
animals/yea UDDA u{ animals correctney  detailed ca
by anin produced the N the herd ley
species | livestock administer
_ _ dose reld
weight gr¢ time span (y to the DDI
DCDA/100¢ DCDA Number | Number - Takes it - Requires
animals/yea DCDA u¢ animals account I harmonizat
by anin produced dose a| for
. livestock number comparisor
species | ..
_ time span (y days
weight gr¢ treatment
PDDA/1000 PDDA Number | Number - Estimates| - Requires
animals/yez PDDA u¢ animals correctnes  detailed ¢
by anin produced the at the leve
livestock prescribeg the indivig

15
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species |time span (yf dose rela veterinaria
Weight grc to the DDI

Besid@gich technical units of measurement and indicator might be used, ESVAC al
data sources on consumption are appropriate (EMA, 2013a). Different data sources
extent the objectives set when (feAeXEyd&ia2003). Ideally, data are continuously c«
at the level of the farm or etenegniimmed above, data collection systems aim at tar
accurate action, namely where high usage patterns are observedu@ditakace informa
and qualitative aspects of use are then required. Animal species or production stag
used quantities, on which active substances, for which indications, and through wh
are preferable (Silleg@t23] Thereto, collection at the level of the farm is essential (
Surveillance systems at the national level, unless provided by marketing authorisatio
provide the species specific information. Yetcatesmte thegensbbt serve as validatior
other data so&tAEQIE/WHO, 2003).

6.ZTRENDSOWERALSAGH ANIMAL HURBAND

IN EUROPE

Only few countries started collecting data from the nineties onwards and trends of th
during time can be Gnigiepialitéerereen country comparisons will be made, in orde
conflict with the abovementioniesl @ssommiarisons. Data from the United Kingda
Netherlands and Denmark showed a substantial increase in the use of antibiotics fol
onwards (Casewell et al., 2003; DANMAP, 2013; MARAN, 2013). In Finland, the
increased between 2001 and 2008 (Finnish Food Safety Authority, 2011). The overa
the ban of growth promoters, whereas this ban can be seen as a first attempt to de
antimicrobials. Also the Fédésmatien deutapSanté Animale (Fedesa) reported an inc
antimicrobial use in veterinary medicine in the European Union and Switzerland by
1999, while in the meantithertdqgentc use of antibiotics as growtm paomnatisrs in far
declined by 51% to 786 tons (Ungemach et al., 2006). A ban on AGP was predicted
the number of both subclinical and clinical infections (Castanon et al., 2007). Indeed
associated hanvsonieaogllulanipigs and @lidktridium perfimgeunkry were amongst the
increased reported diseases in Denmark (WHO, 2002). The above mentioned data
had most likely led to, at least partially, an increatse ieassasdiChsea@! et al., 2003)
Remarkably, Norway reported no increase at all, but even succeeded in a continue

16
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use in food producing animals from 1995 to 2012 by approximately 36%, while the
remaingubre or less stabR/€N@D12). This has been explained by a reduction target ¢
1995 onwards, set by Norwegian husbandry organisations and simultaneously prude
In 2010, The Netherlands, at that time amongrshef tptiofidrighials in European Unic
(EU)/European Economic Area (EEA) countries (E&4ppaa1iD)jtderitlaatimresistance
crisis with a mandate to reduce their use in food animals by 50% by 2013 and 70% |
to d@ablish a registration process for veterinary prescriptions of antibiotics. Indeec
showed for 2012 a decrease-asitiblisbgureobjective of 50% (MARAN, 2013). Furthe
decrease in the sales of antimicrobial c&0p0wnts 2@t1ddenboth food producing (inclt
horses) and companion animals has been reported for 19 out of the 20 EU/EEA cou
to the European Medicines Agency (EMA, 2013b). Suggested explanatiens providec
decline in sales are, among others, implemenrigtgonaoipagpsnsidrictions of use,
increased awareness of the threat of antimicrobial resistance, and/or the setting of ta

IN BELGIUM

In Belgium, national sales afataally reported from 2007 onwards and consist of a
antibiotics sold to a veterinarian or pharmacist in Belgium and of antibacterial pre
medicated feed intendsetiton ligelgium &&G/eB)1Data inclode tonsumption data for
farm animals as well as companion animals. The denominator for animal productio
calculated as the sum of the amount of beef, pork and poultry meat produced in 2C
dairy cattle pre&migieam times 500 kg of metaboidivichigfedoe®ince the onset of the
data collection in 2007, the highest usage was also observed for that year (168.66 r
kg biomass). Figure 1 shows the evolution af foat@mHbasztsaldpharmaceuticals ar
premixes (B8AMEL Bp1When looking at the data from 2007 onwards, a decrease of
consumption can be loyEetted\ substantial part of this decrease was realized betwe
2008 (11).484t the level of use remained more or less stable between 2008 and 2011.
After an overall reduction (in terms of mg per kg of biomass produced) of 12.7% bet
2014, a small increase of 1.1% Wasmacsimipd011 asce refdrareductid@doisll
achieved, distributed over a ré&¥aciioantibdterial pharmace§oails antbabterial
premix@elVBAC, 20¥%t, additionadwilidoe needed to be in lirecenitytset objective

of a 50% reduction in antimicrobial use if2@iines<Hey r2@2@npeopeshy the

partners of AMCRA (AMCRAdiZehaby, a reduction of 73° #ndaigeheration
cephalosporins and fluorbgsihelengsopyddtCRAADZCompared with 2011, the use
of quinolones dropp8®¥atim 2013, but increased again tyntpatednt@od Bse

17
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of 3and"generation cephaloapavmsonsidered decreasing with 6.7% between 2011
(AMCRA, 2015)
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7. ANTIMICROBIAL USIROIRIGTION

Pig production is characterized by 3 major production stages, based on the functior
animals. Average animal weights for a certain production category and at the end o
slaughter can differdminteies. This might result in different weights used when calcul:
of antimicrobial treatment. Sows are breeding animals and used for the productiol
piglets are housed in the farrowing unit until pigletitydretweandte gege of 21 and 2¢
days. After weaning, piglets are pl ac:
pigs are raised until slaughter. In general, pig production management-consists of
closecktus. Closed herds breed and rear fattening pigs -(lased ferrfisishqy S&me
animal supply, for instance, the purchase of gilts. Ideally, the number of sources sho
the odds for infectious agents te@mbec|asmdgarms. Open herds solely breed or raise |
herds raise the piglets and these are moved at weaning or at the onset of fattening t
only receive piglets from these sow herds.
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7.1IN EUROPE
The pig production sector is believed to be amongst the highest users of antimicrol
husbandry production (BondBesadt, ZQIZDABIMAP, 2013). In pig production, as well
broiler and veal calf produstltaneaaistabrt lifetime and younger animals demand rela
treatment with antibiotics, as they are more susceptible to diseases (Bondt et al., 2(
result into a relatively higher use per time period inrpigstitdomgereprtolseindn cycles,
for instance in beef cattle. Denmark used to compare antibiotic usage in pigs with
kilograms of meat produced (DAMMAR 2018 )measure overestimates the selection p
specieswidng lives (e.g. cattle), while underestimating the selection pressure in spec
early age (e.g. bAldexsgomparing different animal categories or production stages h
as these categories have inheeminditiene management, including antibiotic admir
Suckling and weaned piglets, for instance, are more susceptible to enteric diseases
Consequently, results on antimicrobial use data in pigs ofatjffetedt \aije s dertdthbe i
background knowledge.
As mentioned above, data on a specific animal species are needed to indicate the
(Bondt et al., 2012), and these data can be collected at different levelairbedtailed inf
categories (sows, piglets, fattening pigs) and individual herds can be obtained by me
studies, eventually repeated in time. Both Canada and France gathered information
gualitative aspectsiaticansie in pigs, through a survey of Canadian swine producers
veterinarians respectively (Dunlop et al., 1998a; Dunlop et al., 1998b; Chauvin et al.,
Secondly;egtdiblished surveillance systems on a continusmtbitagsdesnanel sisedrces
such as feed mills, pharmacies and veterinarians to deliver thisalaslad&tadden has
pigs expressed in mg active substance per kg slau§varRM pRPI3WERRESase of
13% was seen betwaad 2002. In 2012, the sales of CIA/VCIA fluoroquinolones for
lower than in 2008. Sales of g#Aévaidnalepporins were insignificanSARBDRES
2012).
So far, only two countries register and report afeganqptipig cfeataimugcrobials based c
veterinarian prescriptions (Jensen et al., 2004; Bos et al., 2013). Denmark collects
since 2001 and reports annually per animal species, including pigs (DANMAP, 201
rep@t used to express the 2o0on prescriopti
year at risk, kg meat produced or number of animals produced (DANMAP, 2013). Y
the Defined Animal Daily Dose (DADDjasapednithoddiéerent ADDs between product
the same active compound, route of administration and formulatindefjérederge for si
standardized doses has been expressed by the ESVAC (standardized DDDA as
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2013aYet, DADD has been specifically defined for use in DANMAP and is currently
other countries. DADDs are expressed per 1000 animals per dayofiaftien)(ifhe DA
thousands) of animals treated daily wiiteaarssesthge oba particular antimicrobial ager
During the last decade, the DAPD in pig production increased by 49% from 2003 to
and 2011, a decrease in DAPD by 23% compared with 2009 was observed, probak
Dani sh Veterinary and Food Adnaspeciadt r af
provision for reduction of antibiotic consumption in pig production. Yet, continued e
needed@012, again an ind@38&senbgntibiotic use was seen for the production of a sle
(total DAPD equalltidigfyt DAPDs are observed in the weaned pigs (100), whereas
sows and finishersrarsimilar in mggajilde DAPD increased theeamesti(il5%) and
finishers (10%) and less in sow herds (2.9%), and this was almost entirely (97%
increasing use of primarily tetracyclines and macrdiel€&AR RIbhtetrguorghscTlincreased
by 15%, while the ase ofml i des i ncreased by 19 %. r
quinolones has been reported in one of the pig categories in 2012.

The Netherlands reported data on an annual basis from 1999 onwards for all anime
are available from 2004 onwards, for a selection of pig herds, based on stratified
2012). Meanwhile, Dutch large anirsattpredretently implemented centralised reg
systems, monitoring the use on all farms (Bos et al., 2013). From the data on all fari
outcomes based on the sample of farms may give a biased esttroatéBaofsagttiaicrobial
2013). Furthermore, information on all farms allow to get insight in the shape and wi
individual herd use and large variations in use between herds were observed (Bond
2013). In theelands, data on antimicrobial consumption in pigs are expressed as Al
(dd/ay) for the stratified sample (Bondt et al., 2012), and more recently for all pig F
Defined Dose per year (ADDD/Y) is used (Bos et al., 2013)

As mentioned above, the Dutch government set a oid\20biechely f@rabea 3

70%eduction in antibiotic use in animals corepasbiecR@@Ivadhalready achieved in
2012, partially due to a decreasedtousBatweigns2004 and 2012, annual variation in tl
in sows and piglets was seen, with a strong decrease as from 2009, which seeme
2012. In 2012, the average use in sows/piglets is estimated to bkidl8 ddédikalyd mos
used for the treatment of the piglets, and only incidentally for the sows. In fattening p
was seen until 2008, and a strong decrease from 2008 to 2012 (6 dd/ay) (Bondt et &
use O0fVYCCIAASs a@dndce 2009, the usé of m
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and"generation cephalosporins and the use of fluoroquinolones in sows, piglets and
to zero.

In order to achids@thend 70% goadholds for veterinary antimicrobial use on individua
herdaerdetermine20ibl biye Veterinary Medicines Authidregd $ivasholds were based
on the"5nd percentiles of the distributionesfdlipidpherds in The Netherlands and v
translated sigiwal and action categories, respectively TReseecteak]2afdel now used to
benchmark each pig herd in the Netherlands and to identify herds thateieed to tak
use. Additiotteh\s Des recently started with destebmayyth@escriptiorBpatdraos.

this, again thresholds were determihepelzsdadgenof becdseding the farm action
benchmark threshold for all fatims vetexiniarian is the contracted veterinarian (Bos et
By setting benchmarks, it is expected that veterinarians will mirror their use with coll
trigger discussions between veterinarians. Also, bgtrealsnyamiesamgptipfarmers can
make informed decisions regarding the veterinarian who they will contract.

Comparing antibiotic consumption in pigs between the Netherlands and Denmark re
reporting. Bondt et al. (X323 ds¢al and animal census data, combined with average
estimate the average number of treatment days per average animal per year (NAD
species, including pigs, in order to make comparisons betwewtuteth thatitkrges. Tl
overall use in pi§s%dsgher in the Netherlands than in Denmark.

7.2IN BELGIUM

During the last decade, Belgium has increased efforts to gather more informatic
antimicrobial consumption. For pig attelnptiovasmeste in 2003 by Timmerman et al.
Data on antibiotic group treatments in fattening pigs were retrospectively collected f
herds with a closedctrssehproduction system (Timmerman et alep?o&e &ntieistfirst
incidences (Tl) based on the animal dajly aluseheigisa®Daily dosggpige(®DD
introduced to report herd specific data for pigs. AdgaDfaliss ttelcakdediDorder to
get an estimatios adrrectness of dosing. Qualitative aspects of use, namely which ant
administration routes were used, and for which indications, were equally collected.
information in 2003, in Belgium, for theetimhimaadatess on correct dosing were a
concern on the high number of prophylactic group treatments in pig production we
replacement by othepréigeatdee measures was proposed (Timmerman et al., 2006).
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Surveillance staslipsrformed by Timmerman et al. (2006), have to be repeated, as dif
influence use in time. Although restricted in both number of times and cooperating
compensatidéonbsenaeadifstablished coninn@iance programmes.

From Janud®p14, antibiotic use data on the level of the individual pig herd are collec
quality label Belpork. The input of data is delivered by the veterinarian, who is resj
veterinary antimicrobials and antesicAdb@Rpresrmperational in the analysis of the date
an independent scientific unit. Their tasks consist of safeguarding the quality of the
managing and analysing the data and to set thresholds in orderde aedchmark
veterinarians. Finally, communication and feedback to the animal sector is crucial
sustainable reduction in use.

Recentlyegew study of Filippitzi et al. (2014) has attempted to extrapolginthe results
studies on antibacterial use in pigs, poultry and veal calves in Belgium towards the v
to make a rough estimate of the proportion of use irrithcingdistiaEstudpees.
discussedsdlation with antahicsebdata from Belgian pigehdisisugsion of this thesis
Chaptey. 7
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MONITORING ANTIMICRIOBIAL RESISTANCE IN COMMENS
AND ZOONBICHERICHIARBILIREPTOCOCCBRGMIBIGS

In addition to the collection of antimicrobial consumption data, the monitoring of an
bacteria in4foddcing animals is unmistakable an important first step in strategies &
resistance.

Monitoring of resistance in bacterial pathogens aims at effective interventions to
resistance for animal health or welfare threatening infections and at developing guid
choice of therapy in a cliniReks#tiidoacteria with a zoonotic aspect are of interest a:
compromise animal and/or human health, but equally might transfer their acquired re
commensal or pathogenic bacteria through direct contacinaeisveemdiecalgiatioe
food chain or the environment. Finally, resistance in commensal bacteria is thought t
the selection pressure enforced by the use of antimicrobials. These commensal bact
toadi ndi cator bacteri as’.

1. COMMENSAL, PATHOGENIC ARBCHEBRNCHIKKROM PIGS
The rationale of monitoring antimicrauaimesistEthesionigecadlis that these form a
reservoir of mobile resistance getemn#fatredridether bacteria, thereby playing a ke
the dissemination and persistence of resistance (Mzesbeadl stubies/naRelihilicated the
capabilityEofcoto acquire and spread antimicrobial resistaraetisssabated ragh
administraiorcal one of the bacterial species with an exceptional capacity of excha
genes (Smith et al., 2007 ) Mmieoranonly present in the intestinal tract of pigs, othe
and humansn(Sénad Sunde, 2001), are exposed to antimicrobials, directly after ore
potentially indirectly via the enterohepatic circulation after parenteral treatment (Gug
Finallig, cal easy to isolate and ideasfyedikedekean internationally used indicator fol
resistanc@raéstir@tpmegative bacteria (Wray and Gnanou, 2000).
Somd. cofitrains are also major pathogens in several animal species, including
enterotoxigendciETEC) are associated with neonatal diarrheseakaridheays s tovéll
as with pestining diarrhea, whereagp&iugailigxaal5TEC) are responsible for oedems
disease (Martins et al., 2011).

Some strairts ofdre exdegpof zoonotic bacteria which can infect peoperdytéhe food
From a zoonotic point of viewar&hig#agodis TEC) is the only group of intestinal pathog
E. cadf major interest, as the -Srodadimgrstraineaie Ghlse bloody diarrhea, potentiall
evolving into a hemolytic uremic syndrome in humans, when being transmitted thro
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their animal reservoirs (Wastesesiri20 yange of serotypes (i.e. 0157, followed by C
0910145 and O111) are associated with public health risks and O157 is the serc
associated with severe human infections in the European Unidhig&aieCa@ind EFSA
been identdseednajor source of STEC for lmmarEmfeptiereas ruminants, and more
particularly cattleecagmisgsl the main natural reservpingba®tidedar for STEC 0157
(Wasteson,; HINC and EFSAWAD1A )the different serotypes associated with public he
isolates are not necessary pathogenic when{resmbhwered gnomafeodherefore, serotypi
alone when apEdEQGdsolates from food and animals is not t¢fedeptifgaigribbd
health skFSA, 2007e role of additional viruleroee fadhesnain virulence factors known
currently being included for the assessment oictipeteotimropdifide@rs&otypes

(ECDC and EEBA).

Recently, it has been suggestettshintleptth&gerdli-xPEQGS) foguroducing animals
particularly chicken and to apayserdeadiidmte involved in urinary tract infections in hur
following direct contact or contamidakiobsehreeal., 2010; Bélanger et al., 2011; Tar
2011). Exitastinal pathégerub by far the most common agent infecting the human ui
and is equally involved ashageajan pa¢ningitis and bloodstream infections in humans
al., 2006; Bélanger et al.h@®lBring of apparently clonal ExXPEC between humans
suggestsssiple role as a resénesrionals, especially aviafespibeatemonstration of
these clonal relationships should be more robusetmisiougmitihade gécbnas
sequencing (EFSAA@I4ksultlear zoonotic nature of EXPEC hoamanahiettioesn
hypothesized.

2. COMMENSAL, PATHOGENIC ANRERUNCICCHFROMPIGS
StreptococcugSsuegiss part of the normal microbiota of the pig. It can be found i
respiratory, alimentary, and urogenital trataait redadthyEaRsa[ By, suis known as
an important swine pathogen causing meningitis, arthritis, septicemia, endoc
bronchopneumonia, and abortion (Higgins and Gottschalk, 1990; Amass et al., 19¢
Within the badpsaaies $f sui85 serotypes based on antigenic differences in its
polysaccharides are d¥isenbgghes, et@Ptand,Phve been isolated from clinical case
(Gottisalk et al., 1989). Serotype 2 is the most pee@lentiypasenlptgs, followed by
serotypes 1 @&dsBeelonizes pigletsaatdhietpathogen is known to affect pigs of different
Yetdisease incidence decreases with age after weaning (Amass et al., 1996; S
Management, husbandry and preexisting injumjeictaipredapo 2080
Furherm@esulsas been reported as an emerging zoonotic pathogen-ssaienced by
outbreaks of sevenepidemics in Asia (Y20@6aku et al., 2006; Mai et al., 2008).

Due to its economic and zoonotic importance, reports include results on the mon
susceptibility mainly of clinic8. isal@tataoka, 2000; Martel et al., 200100 arie et al.,
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Wisselink et al., 2006)Swauwdreasclinically healthy animals are only seldom included (|
2002).

Monitoring resistance identifies trends in the emergence, spread and persister
antimicrobials and is @dherefeqeiisite for understanding the epidemiology of resistanc
chapter, the key aspects and drivers of the stages in the epidemiology of antimicrol
production are reCleaymdr(L.3
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SUMMARY

In the epidemiology of antimicrobial resistance a succession of 4 stages can be dist
selection and speesidtence and reversion or reduction-deé=nstarcfdyactzlh against
antibigbioducing organisms in their surroundings, or against antibiotics produced by |
inherent to the bacterial nature. Yet, anitraipiaeeegually play a role in the emergen
resistance, as they might induce mutations and facilitate gene transfer. In the n
determinants are selected and spread through a bacterial population due to the ¢
pressure. Antimicrobial use at large scale in animal production is believed to contril
rapid spread and persistence of resistance determinants. However, selectors other
also involved, as well asyeadfittatians in bacteria with reduced fitness, rendering the
of resistance determinants without antimicrobial selection pressure possible. A re
involves a decreased growth rate of bacteria harbauitg oesistaloss dé@eteiminants.
This entails every selection pressure to be discontinued and mechanisms interfer
resistance determinants through a bacterial population. This paper reviews key asj
stages indp@lemiology of antimicrobial resistance in animal production.
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INTRODUCTION

Since their discovery, antimicrobials have become indispensable tools in countering
humans and animals, and to a lesser extent in horticulture. Yet, their use has beco
phenomenon that has become onerdasiaigiyimy over the last decades, namely antir
resistance. Antimicrobial resistance in pathogenic and decrediscaeticiamegatslior
therapeutic failure, and commensal bacteria may play a kapdglensidtesncesséthisatio
resistance. Antimicrobial resistance is a complex issue, both in origin as well as
resistance mechanisms and transfer systems have been described (Levy and Marsh
2011). Understdradiagnechanisms is crucial for explaining phenomena in the past an
tendencies. In addition, the development of appropriate strategies to stop further
against the current available antimicrobiapamgentst tresvdayehts as well as the refinem:
infection control measures should be based on thorough knowledge of both basic r
development and transmission and epidemiologic aspects of antimicrabial resistance
Many-ilepth studies on resistance mechanisms have been conducted in the past. Re
studies approaching antimicrobial resistance from an epidemiological perspective is i

In the epidemiology of antimicrobialoesssiancef & slifferent stages can be distingu
development, selection and spread, persistence and finally reversion or reduction o
(Figure This review aims to focus on the key aspects and drivers of each of these
emergence of antimicrobial resistance determinants in a certain pathogenic or cc
essential, which we refer to as the devetipaieesistarteani6econdly, antimicrobial resi:
is selected for and may spread within a bacterial species, but also across specie
resistance is selected for, it may persist in a population. Thereforgganughtitneous sel
needed, even though in some cases resistance persists in the absence of any :
pressure. Finally, in the absence of a selection pressure, reduction of antimicrobial re
to the loss or silencistesgenes or due to replacement of resistantdrseseria by susc

37



EPIDEMIOLOGY OF ACQUIRED ANTIMICROBIAL RESISTANCHAPTER 1.3

Phasel:
Developmentof
antimicrobial
resistance

Phasell:
Selectionand
spread of
antimicrobial
resistance

Phaselll:
Persistenceof
antimicrobial

resistance

PhaselV:
Reductionof
antimicrobial

resistance

Figure $tepwise process of the epidemiology of antimicrobialaresesfadoes: Green,
susceptible, intermediate anthtesistant is

Before describing these 4 stages, antimicrobial resistance must be well define
antimicrobial is either intrinsic or acquired. Intrinsic or natural resistance is caused by
feature inherently assthiadedertain bacterial taxonomic group, resulting in the ina
antimicrobial to exert its effect. In addition, bacteria can acquire antimicrobial resista
resistance). This is the phenomenon that hesciepidhpreviessligcfic antimicrobial, bec
resistant due to genomic alterations in a part of the population of a bacterial genus c
developed various resistance mechanisms to neutralize the actiondoCtieeskurgtimicrobi
Dancla, 2001; Cloete, 2003). They can be divided into three major categories: en
reduced intracellular drug accumulation, and target site altefaiocig S200B)zCarel Che
resistance mechanism casistedcea different antimicrobial classes because of the a
common target site within the bacterial cell. For instance, methylation of adenine res
the 50S ribosomal subunit prevents macrolides, liBcsisaptagaans goobnd to their
target site (Schwarz adDaBbls|2901). Different mechanisms conferring resistance
antimicrobial agent have been described. The main tetracycline resistance mechani:
drug frahe cytoplasm via efflux (Chopra and Roberts, 2001). Also, resistance genes
of the target site via ribosomal protection proteins, for enzymatic inactivation and fc
mechanism have been detected ogsaneuardr@egative bacteria (Taylor and Chau
1996). In addition to active efflux, a diminished intracellular drug accumulation can b
drug uptake (Kumar and Schweizer, 2005). Impaired uptake can beofltieeto change
lipopolysaccharides of the outer mendgateediaGtana. Also, outer membrane protei
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entry of antimicrobials to the bacterial cell,tagulzeddstesudiivgnin reduced influx (Kul
and Schweizer, 2005). Teetiahedeaxamples report only briefly the existence of

mechanisfdetailed overview of resistance mechanisms towards antimicrobial cla:
specific taxonomic group can be consulted from a variety of eevdeRcbenthi2G0pic (Cr
Schwarz and Gbhasltla, 2001; Butaye et al., 2003; Cloete, 2003; Kumar and Schweize
To classify bacterial isolates as resistant, 4 different criteria, each with its own thresl
First, the clinitiar for resistance evaluates the outcome of treatment of an infectic
pathogen compared to its Minimum Inhibitory Concentration (MIC). This is the low
antimicrobial necessary to prevent growthiofcbresizberesdiainstein speobinditions.

An isolate is considered resistant to a specific antimicrobial agent, when symptor
resolvethile the antimicrobial is used according to the standard theragraatiofprotocol.
the definition, this criterion is uniquely used to describe resistance in pathogenic bac
species for a specific diagnosis. Second, the microbiological or epidemiotogical crite
susceptibilityspéaific isolate, compared to the wild type population (Kahlmeter et al.,
does not exhibit any mechanism of resistance that increases the MIC. When an isolz
higher MIC to an antimicrobial than theowjld iypema@datad to have acquired resistanc
these bacteriwal dreypbapn dbirdedthe Qga
detection of resistance genes (Cai et al., 2003). The phenotiglicadistdeietaialy antir
be encoded by acquired genes or gene mutations. Yet, identical phenotypic bacte
reflect different genotypes, because different mutations in different genes or mobi
similar antimicrobiahaesphenotypes (Martinez and Baquero, 2000). Finally the pl
criterion evaluates the relationship between antimicrobial concentration in blood or t
respective bacterial species or isolate (Guardab@§3i ahdsCbactalial 20timicrobial
susceptibility and the antimicrobial?3
account. A bacterium is considered resistant in the pharnracalddiCalotrikexrion if tf
antimicrobgtket is higher than the concentration of the antimicrobial in the plasma or t

For interpretation of results of minimum inhibitory concentration (MIC) determination
epidemiologiedf watu€C)/or clinical braaki@is) can be used (Schwarz et al., 2010).
aim to predict how a patient will respond to a treatment and they classify bacteria as
or resistant (Schwarz et al., 2010). These breakpoints are mainlgdoabedadn pharn
criteria. They try to comeiateubeeptibility of a bacterium towards a certain antimicrobiz
MIC value) with the chance to successfully treat an animal with the normal, recor
antimicrobial agedgéTand Patterson, 2007; SchwaZ@& ate &iHiA)y based on the

microbiological criterion, sometimes in combination with the genetic criterion and allc

39



EPIDEMIOLOGY OF ACQUIRED ANTIMICROBIAL RESISTANCHAPTER 1.3

populations of bacteria from those with acquwikebtypsistdmes @@mot necessarily prec
how a patient will respond to antimicrobial therapy (Schwarz et al., 201%). In the at
multimodal distribution of MICs for different isolates within a bacter@akdpecies, the
value can be difficult to kstabéiBhe( al.). Z&drlpractical use in monitoring of antimicr
resistance both in humans and different anffatapecssulidedixed for one antimicro
agent within a bagteciak, independent of time, country, animal or organ (Aarestruj
Although determined by a different apiz®actaydiPvand $tmilar or even identical for s
bacteria/drug combinations. Yet, they can alsontiledmgresualktingions when compari
resistance results based on W¥seoi@ EMARANCX0AE. diten used in monitoring
and surveillance programs for describing evolutions in resistance prevalence or dete
in conamsal bacteria. They are also very valuable in detecting small changes in the |
indicating the acquisition of new resistance mechanisms, of which the clinical implic
| sol ates are epiidbilbi hay ewh aV biddsstyamls & v
or equal to the susceptible clinical breakpoint (Simjee et al., 2008). Although infec
isolates may be treatable, they can be of concern as thegtegpte $eihtresistarmd,ctory
example due to consecutive stepwise mutations.

Throughout this review resistance refers to the epidemiological criterion, unless othe
is of particular interest with regard to studywigatem@prdbralokeggtance.

1. DEVELOPMENT OF ANTIMICROBIAL RESISTANCE IN A BACTER
The origins of resistance genes are often found in bacteria or fungi producing anti
order to protect the organisms themselves from the compounds produced (Benver
These natur al fensol dificipt andr ardetbnegdi & a
Woodruff, 19'dnfsta et al., Batigria in the direct environment of antibiotic producing o
only survive and multiply in the presence of antibiotic concentrations if they can circu
of the antibiotic. Multidrug resistance efflux pobgesvact inoclemgemymbers in antibiot
producing bacteria of natural environments (Martinez, 2008). These are likely the so
genes found in pathogenic bacteria (Vecchione et @Ps&inoRas iasi@goeysa
aemino¥as known as mudigistant by nature, insensitive to a large number of antimicre
such as varidastams, tetracyclines, potentiated sulfonamides and some aminogly
2006).

The first resistance mechanisms might have evolved from pathways involved in othe
such as detoxification of metabolic intermediates, virulence, and other functions (F
explain the ancient nature ol apSmetarae, existing in nature long before the pre:s
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anthropogenic antimicrobials, defined as antimicrobials produced and used by hun
D3 Costa et al ., 2011) . T h kresistancetdetdsminantsi ¢
in bacterial strains that might confer phenotypic resistance (Wright, 2007). The r¢
diverse genes having original functions that are not exclusively for avoiding the effec
2013).

Unlke intrinsic resistance, acquired resistance is associated with specific isolates o
genus or species. Bacterial isolates can obtain resistance by genetic changes in tl
results fromtatio@dogenous mesistérdrarizontal acqusifameign genetic information
(horizontal gene transfer, exogenous resistance) or a combination of both mecha
Normark and Normark, 2002).

1.IMUTATIONAL RESISTANCE

Antimicrobial resistance gginesecaiarormutations in the bacterial genome. Mutation o
for a long time been believed to be a random and spontaneous process only. Ye
sublethal stress factors show increased mut@tioadratesa(ptressisd,(2897), which
might be aregillated phenomenon in order to generate heterogeneous populations
adapt and to survive adverse conditions. These stress factors can be diverse: dep
environments, inHibittsyokhost defense mechanisms, temperature, pH, osmotic pres
antimicrobial treatment. Bacteriostatic (sublethal) food preservation systems with inci
conditions has been shown to increase antimi€subiatichEEatighSalmonella
enterisabspe@aserisarovar Typhinsalomor{@ighimurium$taptylococcus (@ureus
aureyswith some of the strains showing a continued expression of higher resistance
the stress factors (McMahon et al., 2007). Low concentrations of certain anti
fluoroquinoloneslaartdms, have been reported to stimulate mutagenesis (increased
(Couce and Blazquez, 2009), whereas hidloaamentianessnaght reduce the mutatior
(Martinez and Baquero, 2007). Furthermore, antimicrobials may also select cells wit
mutation and recombination (so called hypermutators) (Gustafsson lmisahpf003). Ar
only acting as mere selectors of resistant clones, but they also affect development of

In veterinary medicine, antimicrobials for which resistance by mutations have been d
has limited the clinafastusgtomycin, rifampin, erythromycin and it is increasingly limi
fluoroquinolones (Gershwin, 2013). Mutations in the multiple antimicrobial resistance
in an efflux system responsible for the resissiete edvdnuds aooland other
Enterobacterjanehmlitegracycline, chloramphenicol, ampicillin, nalidpdteksidjrand rifar
and Levy, 1999).
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Although the widespread presence of resistance genes is mainly due to the horizon
genes, mutation processes are central in the diversification of the acquired genes an
antimicrobial resistance. Aarerarfqued in esmewta®tdactamases (ESBL) producing
organisms. Mutations have led to a diversification of enzymes responsible for r
generations of cephalosporins, after the initial penicillin rebistione 20050 ardtagid
al., 2009). Aspc€@amases are clinically important cephalosporinases encoded on the
many of Ererobacteriandag few other organisms, where they mediate resistance tc
cefazolin, cefoxgtnpenaillins,sdamxtamase inkilaidbem combinations. In many bacteri
AmpC enzymes are inducible and can be expressed at high levels by mutation (Jac
mutational inactivatigyrDofwhich expressespaavemgytime overexpregsigndsfthe

main mechanism found to lead to the constitutive hyperproduction of chromosomal ,
to clinically rekelantm resistani€eteirobacteridbeae et al., 2006). Furthermore, speci
spomaous mutations in the promoter or attenuator regibmp@dne tlaeneEsemiy
been reportBd edliom cattle, which may be an emerging mechanism contributing to re
extended spectrum cephalosporins iattbe étaaahpepal., 2014).

The frequency of mutations required {siegleesistantig)ldor clinical resistance to occ
dependent on the antimicrobial agent, the bacterial species and mechanism of resist
100fdl increase in the MIC can be the result of a single mutation (Springer e
Enterobacterjacedational resistance to fluoroquinolones is a stepwise process whe
number of mutations generally is linked witltoodferdsargl MlQsy{evi, 2007) and therel
clinical resistance occurs less readiy jéjamd¥eacitginassingle nucleotide change at
a particular siteggr®BA gyrase gene can lead to clinical resistancsitg/faltéhiag the ta
fluoroquinolone (Gershwin, 2013).

1.2HORIZONTAL GENE TRANSFER OR ACQUISITION OF RESISTANCE
Horizontal gene transfer (HGT) is the most common way for bacteria to acquire &
genes (Ochman et al., 2000). Horizontal acquisition can be described as the acquisi
organism by any of 3 mechanisms.
(1) Backeran exchange mobile genetic elements through physical contact (conjugatic
the most important mechanism for spread of resistanDariSlehRat ardifHrasiusobile
genetic elements can be transferredirdiEsnoiding@ extrachromosomal DNA molec
variable size, capable of autonomous replication (Stokes and Gillings, 2011). Tran:
elements of variable size that mediate their excision and randomhnooeratadn into &
or plasmid DNA (lyer et al., 2013). Integrons contain collections of incorporated ge
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their attachment site, a promoter that drives expression of incorporated genes and ir
2009). Unlike transiptsgragion of integrons, mediated by integrase, is site specific ar
(Demarre et al., 2007). Class 1 integrons in particular, are asseadteartndigdaransfer o
al., 2009).

The horizontal transfer of a cemuba#ugipta multiple antimicrobial resistance genes
described between different bacterial genera among the enteric microbial flora. Thi
demonstrated in calves with oatirsthatiscep8almondligphimuriuor po apramycin
treatment BnatodindSalmonédigphimurium carrying the same resistance genes after
(Hunter et al., 1992). This has equally been shown in the avian [§astematestinal tra
Salmondllawport, withoubpagimnic selection pressure (Poppe et al., 2005). Also,
resistance determinants from a (transiently) colonizing animal strain to human con
been observed, even in the absence of selective pressures efmpisizogahismpiorta
resistance tramsigahl et al., 2007; Smet et al., 2011).

(2) Under specific conditions, bacteria are capable of incorporating exogenous DNA
the their genome (transformation of a chedetannjedépsomay require proteins invol
the assembly of type 4 fimbriae and type 2 secretion systems, as well as a DNA tral
plasma membrane (Chen and Dubnau, 2004). Sdeliedizattigngoplobalsly a
zoonotic, amissakciated gaddticobacpecies use a type 4 secretion system for ne
competence (Alaaterz and Christie, 2009; Haesebrouck et al., 2009; Vermoote et &
al., 2013). Compared to mobile géretdfiekryarftransformation may be rather low, e:
for bacterial species that are not naturally competent. However, antimicrobials may e
has been shown for ciprofloxacin that induces expressidietiblcactipediasegenes in
et al., 2010).

(3) Bacterial viruses, called bacteriophages, can accidentally package host DN/
subsequently infect another bacterium, introducing bacterial DNA into the recipient (
al., ZW). Transduction is mainly observed between bacteria of the same species,
between bacteria of different species and genera (Ammann et al., 2008). Transduct
as a rare event, occurring around ‘ditghayenjnfe@tions. Yet, recent studies shov
transduction to occur at frequencies of several orders of magnitudes greater (K
Moreover, a potential major role of bacteriophages in the transfer of resistance
environmeestich as water and soil, to human and animal microbiomes has been suc
al., 2013).

The rate of horizontal transmission of resistance genes is dependent on the propertie
it is encoded on. Resistance gejngsatome)ap{asmid have a higher rate of horizontal
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compared to resistance genes incorporated in the chromosome. Yet, the segreg
chromosome is higher than that of plasmids, meaning that resistansemersae encodec
less likely to be lost in the absence of selective pressure compared to those er
(Wassenaar et al., 2005).

In vivaates of HGT are probably imgheamteanfor both chromosomal and plasmid loc
resistance genelsefDa., 2007). At a high rate of HGT, resistance genes may disse
between bacteria, slowing down a potential reversion to susceptibility (Levin et al.
2009).

2. SELECTION AND SPREAD OF ANTIMICROBIAL RESISTANCE
Oncantimicrobial resistance has emerged, the number of isolates with resistance
increase under a certain selection pressure. Resistance genes can be multiplied v
vertical dissemination and/or isolatescardg@smnesigtato other members of the pop
and to different populations (spread).

Selection and spread are therefore the second step in the epidemiology of resistanc
under the driving force of a selection pbesswkipiich can

Three conditions are required to allow spread of antimicrobial resistance in a bacteri
presence of resistance genes; secondly, the viability of the resistant clone in case of
of resistangenes (transferability of genes) allowing vertical or horizontal spread of tt
and thirdly a selection pressure (Schwarz et al., 2001). Selection pressure alters pop
as well as affecting the rate luhsgndduktween the exposed animals (Olofsson et al., 2
result, selection and spread are not independent and are therefore described here as

2.JANTIMICROBIAL RESISTANCE SELECTION PRESSURE AND SPRE/
USE OF ANTIMICROBIALS

Theate at which existing resistant strains increase in prevalence has been describe
level of antimicrobial exposure in bacterial populations. The pharmacodynamic and
of antimicrobial admipagsdigrtbgewith the presence or absence of other selecting fac
whether the present strains will be cleared or selected. Describing the relationship b
and antimicrobial resistance selection is often challemajiiog, tetdesatherassd by a
large number of factors.

A first approach involves the effect of specific antimicrobial use on the resistance d
particular antimickdirett relationship between the use of aiapaicdithendémengence
of resistance determinants to the antimicrobial concerndusibeleactisdribpeputtions
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several leyBtamey et al., @Bagidmncla and LafoniVid8et al.; XBIB6ckaert and
Chaslbancla, 200sai et al., 2005; Akwar eDalwuM08¥al., 2007; Harada et al., 200
Chantziaras et 9l., 2013

Describing and quantifying the association between use and resistance is more com
for antimicrobial use factorglimielvinged, number and category of animals treated,
duration of administration and qualitative factors such as administration route. Furthe
as crosssistance ams@leotion may participate in the emergeeeochrathtimaortdnah
resistance (Harada et al., 2008) and render theussmithmekiptdneteevare difficult to
interpret.

2.1.1.TOTAL AMOUNT OF ANTIMICROBIALS USED

Levy et al. (1994) introduced the threshold theory, suggestiagtithatr@biedrthung leve
consumption is required to trigger the emergence of resistance in a particular envi
based on the equilibrium between a number of susceptible and resistant bacteria ¢
population of sbhkceptteria to return to their original number after an antimicrobial tre
al. (1999) supported this theory by describing the sigmoidal rise in resistance over ti
constant rate of antimicrobial consumptiaineglan drug consumption is required to tri
increase of resistance to certain levels. When this occurs, a crucial variable is tim
change from its low starting prevalence to a certain prevatgnicgntsf tlesistguoctandes
of reacting on emerging resistance at the onset of the resistance development. More
association between use and resistance and the time required to observe certain le\
likely amtirobial specific and related to the underlying resistance mechanism.

The concept of Austin et al. (1999) also suggests that at a certain level the resistanc
maximum level where further use will no longer mesedism ia thiubsémmialnce prevalence
This is in agreement with the conclusions of Handel et al. (2006) who reported tha
volumes of antimicrobials, used in a population with a low level of antimicrobial re
largezhanges in resistance when compared with cheolgesasedndirachaditalevel of
resistanceviot udi es 1 n cattle (O2Connor et a
the effect of different admingstyattbe saléetion and spread of resistance observed tha
already receivinigeaa amtimicrobial, no further increase of the resistance prevalence w
an additional subcutaneous administration of the sameesistaniceopiavaldrocetio
antimicrobials not present in the feed increased after administering them via subcuta
al. (2006) equally observed no resistance increade. iodiigh [evehnesistaives after
indigiual antimicrobial treatment concurrently with antimicrobials administered in the r
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not receiviagilkh antimicrobials but treated with individual antimicrobial therapy trans
resistdft cgiopulation thamtiteated calves (Berge et al., 2006). This agaieesliggests th
antimicrobials might have increased the level of resistance to a saturation level, and
not result in a further increase of the prevalznce of eegistaece ( a |l . |, 1909¢
This nbnearity of the association between use and resistance may partially explair
weak, or even apparent absence of a link between antimicrobial use andlresistance ¢
2008).

2.1.2.ANTIMICROBIAL DOSE AND DURATION OF TREATMENT

One way to apply treatment strategies to manage selection and spread is to control
therapy, ideally at the moment a compound is introduced on the market for a certain
of dosage regimens on the ezegggeiresisfance mechanisms has only recently been
and emphasized (Drusano, 2003; Olofsson and Cars, 2007). Appropriate dosage rec
highest microbiological and clinical efficacy of a treatmentlastimelbfsesistanize the
(Roberts et al., 2008) both in the targeted pathogens as well as commensal bacteri
understanding of resistance mechanisms involved as well as the antimicrobial pharm
(Roberts et al). 2008ever, diverging resuiis Vitegvweenvivstudies on the impact of
different dosage regimens on resistance selection and spread complicate the 1
relationship (Smith et al., 2003; Roberts et al., 20@8y€T hegmppnepaidedderse for
different antimicrobial classes and bacterial species. In the current literature, the r
dosage on the one hand and selection and spread of antimicrobial resistance on tt
been welBa@ed for mutational stepwise resistance (Smith et al., 2003). This is well
fluoroquinolones, where many of the evaluated resistance nmecitaassimshgere the
clinical setting (Smith et al., 2003). Ithbansgaatywbékaown resistance mechanisms oc
single or midpwise mutations, dBrachgspira(Bppgle et al., 2012; Hillen et al., 2014),
correlation between MI CB.swyodysride swihei(Myt c a |
and Hommez, 2006). This allows determining the dosage that limits the selection o
referred to as the “mutation preventi
of combiningabgteatment dosages and the suppression of resistance emergence f
qguinoloneR iraeruginnsam vitiafectigham et al., 2006 he i nverted
between exposure and resistance selectioneradieataditnabilrangcentrations might fe
i solates with higher MIC3s and cause
al., 1997; Tam et al., 2007). When a maximal value of resistance seleasmiwas attai
concentration of quinolones caused a decline in the number of resistant colonies tow
(Tam et al., 2007). A critical minimal concentration is also requirediti@skelsct resista

46



EPIDEMIOLOGY OF ACQUIRED ANTIMICROBIAL RESISTANCHAPTER 1.3

cal |l ed echtei vV emi cnad mtad n tsredheiMBQ goncdptvh&s@pcouaied
the use of high dose regimens to reduce the likelihood of selection of resistant mutar
demonstrated that doses above the MIC waresepgpedsseffetiedransfer of antimicrol
resistance plasmidsdogteg@mondighimurium) and Ecgiibacienmavitro

|l nsight into the concept of the “mut at
bottom by the MSC, for mutational stepwise resistance, gave rise to the establishn
treatment dose regimens (above the MPC) instead of lower and repeated doses
maximum time of the antimicrobial cotiverBihnram£SEargpharyngodon idella)
0.010ug/g, 0.020ug/g and 0.030ug/g doses of enrofloxacin were compared in ord
appropriate dosage to control infection and preveh¢nouitamdssblttiliiame

aba/ the MPC, needed to prevent selection of resistant mutants, appeared to be pr
day of 0.030ug/g enrofloxacin administration compared to twice daily of 0.020ug/g |
findings were seen for ciprofloxaoimnennadiidoofloxacin treatment of canine pyoderma
Staphylococcus pseudiiseiates]ivdhere only the highest doses within the clinically re
dose ranges could achieve sufficient high concentrations to crostethal ARG lehsed ol
al., 2012).

Smith et al. (200@nented on overstretching the MPC measurements beyond its lim
that the measurement of MPC only applies to fluoroquinolones-tatdamas #meminogly
macrolides. This to@s been questioned by Blondeau et al. (2012), by defining the me
MPC as a concentration that does not further allow for selection and amplificat
populations, regardless of the mechanisms of raduaetinsosuaptilitig &lass. In this
respect, the MPC and MRNodgamstuhageibeen determined for 10 antimicrobial a
from different classes (Berghaus et al., 2013). The authors concluded that the combi
rifampaonsiderably decreases the emergence of resistant mutants, based on the a
lower MPCs of the antimicrobi@h etmbdhatiimicrobial concentrations in the lungs ab
MPC. However, at present, no results havéhzeemasmpatied of the MSW for preventing
the selection of resistant strains to other antimicrobiglsitledmfluPOOGuiAbIENda €t al
2007).

The use of antimicrobial growth promoters in livestock is clearly in contrast witl
establishment of single and high treatment dose regimens, as growth promoters cal
dosed antimicrobial compounds. For ispmotenisigl iacstional resistance is of concer
especially the organizatidrugfresigtiance clusters as demorishesexhaetgriateae
(Leversteam Hall et al., 2002). This type of resistance is frequenty emcouduldy gene
genetic elements, such as plasmids or transposons. The acquisition of such resistar
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100 to 148d increase of the MIC and thus underdosing is less likely to speed up the
with such increasediidiCtheless, numerous studies have linked the use of antimi
promoters to the occurrence of antimicrobial rgsistitinecaachrgdiirecommensal
bacteria (Sunde et al., 1998; van den Bogaard et al x200€, Svedrt20P8)2nAdentrast,
several studies it sedfianglois et al., 1984; WagneiSaiimon20a8)iifrarae)ica
(Wagner et al., 2008) and anaerobes (Holman and Chénier, 2012) after administra
tetacycline did not confirm the statement that underdosing would lead to a higher c
comparison to correct dosing. Moreover, the study of Langlois et al. (1984) founc
resistance level in the group relteivilogdge bmpared to the group receiving the lowe
during first weeks after administration. However, this turned to the opposite fror
administration to the last sampling at 84 days, suggesting theotimaésperemtiafter adm
be taken into consideration. Contratyerégeling soibcentrations of tylosin to pigs
continuous basis resulted in a significant and rapid increase in the proportion of tylc
(Holman and ChénierAl2@agYler et al. (2008) described the dffecpeiittbe sub
administration of chlortetracycline in combination with sulfamethazine to cattle feedic
shedding tetracycline and ampicilioh@siatma as swblé aaumber of résistiioim

one animal (Alexander efTak, 2008ys noted that their findings on changed resistance
may have been related to additional environmental factors such as diet.

These contrasting rdsuitbeoteriacemmaerobes and different antimicrobials tested ernr
that different outcomes on the relation between dose and resistance selection can be
the antimicrobial used, the resistance mechanism and bacteria involved.

Several authors have questioned the MPC concept and the derived dosage regir
emergence of antimicrobialase tistaccemepgests that there is no selection for mutan
concentrations less tharCingeraiiG; ZROBoN and MorosirV&id ket al., 204ik)is
contradictory to observations that concentrations below MSC may facilitate hypermt
and Morosini; Mala et al., 2011). Furthermore, resistant mutaois paegchiy¢hbenefits
susceptible straind&Gsidvels, as long as their fitness cost is lower than the growth t
susceptible isolates (Gullberg GulibergOdtial. (201ih) wimedels demonstrating the
evolution of loghtdelvel resistance for streptorSatmaedigiimhurium mutants and for
ciprofloxacin reBistadifter 5600 generationsthesydeutic doses, up to sevetdl hundred
below the MIC of susceptible strains.

More objectioasddosage regimens have been raised. As mentioned above, dosa
generally determined in function of good clinical treatment and preferably also minim
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selection for specific pathogens. Yet, evemnyifagenemraetatspecific pathogens while
avoiding resistance selection as mustkasvpossidi@pplied in the field, at the same m
the commensal microbiota of the animal, for which the treatment doseas not spec
exposed to these treatment doses. Therefore, what is a correct dosing for a specifi
organ may be aoravaderdosing for a commensal present in the same or another orga

Since no general applicable conclusionthealimkeédta@nodosage and resistance sele
the use of specific dosing regimens as a potential way of reducing resistance emerg
to specific antimaclieiabl relations. A dosing regimen adapted tconootrohenutant s
strain, might undesirably encourage development of resistance in other strains by m
transfer.

2.1.3.CHOICE OF ANTIMICROBIAL AGENT

Antimicrobial agents are characterized by several features that mag ppagadrofe in the
resistance. In addition to their working mechanism (and thus activity against spe
whether they have bacteriostatic or bactericidal effects, they might have diverging
kinetic parameters, such aslfdaand tissue persistence, which is impertant for thei
concentratEpendent activity.

The use of Bpeactrum antimicrobial agents rather than narrow spectrum antimicrobiz
number of different bacteria@relyainokéses the risk for selection of bacteria carrying
genes and for suppressing or eliminating broadly the susceptible commensal microt
outompetes resistant strains (Levy and Marshall, 20@ecirbuos, atiersis brimdd
encourage the survival of more resistant strains.

The type of antimicrobial agent also influences the antimicrobial selection and sprec
only inhibits growth and thus gives more chance dbpcelbatiogsr éSmstpmt st al., 2011)
compared to bactericidal agents killing the bacteria. Yet, the latter may eradicate full
giving the opportunity for resistant strains to colonize certain ecologida niches (C
distinction between bactericidal and bacteriostatic effect is far from being absolute &
drug concentration at the site of infection and the bacterial speciesiativalved (Gigt
antimicrobial concentratimhscensgfihess in the targeted bacteria. As previously mentic
might result in a transient decrease in antimicrobial susceptibility due to increased co
genes (McMahon et al., 2007).

Resistance to macrolides, lincatsaptapamandBr¢blEtance) encadegdnes can be
either constitutive (permanently expressed) or inducible (expressed after antimic
inducible resistance can have clinical viygigeisure & macrolides may result in resist
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higher than predictedttiye t er mi ned MI C3s i n the absc¢
staphylococci, within the macrolides-aadsioemgliberins are good iedistarséor r
expression (Chancey et al., 2012). Thus, isolates paabstargedundidzpaded] to 16
membered antimicrobials can remain susceptible, wiesrstasn cemsteusive MUBacrolide
members (Chancey et al., 2012).

For tirskependent antimicrobials,sdsuetdmas tetracyclines, macrolides, sulfonamide
lincosamides, the antibacterial effect is highest when the concentration is maint:
throughout the dosing ind&ctia Eamnguldiases] on lontviealfresult in prolonged plasma
concentrations, and offer a solution for the required repeated administrations inhere
of tirskependent antimicrobials-a&uwp flamgulations have been develojed for certa
generation cephalosporins (for example cefovecin) or macrolides (azithromycin, tt
characterized by a ddagahdlfa slow release after tissue binding, resulting in a pron
treatment effect (Van BambUdekes,aBA0Iul For azithromycin, this effect has been ¢
significantly select more foesisantlgteeptococci until about 4 weeks after the end of t
clarithromycin, characterized by a shhiteamlasssadhalérgieg@hcamar et al.,

2007). Moreover, concentrations of macrolides HelowpreséfiC:ahc lomdifiong half
can induce mutational resistance at concentrations below thanMii@GfoaS. has been
pneumoriRankuchlet1998; Nagai et al., 2000).

Along with different pharmacodynamic and kinetic parameters, differentiated |
mechanisms as well-andreesistance mechanisms might play a role in different 1
outcomes observe@ afser ah antimicrobials belonging to the same class. Clarithron
azithromycin, perturbs the distribution of macroletgBEesistheie gEaptcocci
(Malhokkamar et al., 2007). This is thd rasult of h refficacy agamftasyingg r e a
streptococci uggtmB(Noreddin et al., 2002), whereas azithromycin is far less potent a
a bacteriostatic effecimadaiast | at e s wg/ml (Zhalél € &lsi20Bp t o
pharmacodynamic studies have shown that both ma@wo{iBestfailes] twwhechdjemierally
have MICs ofgB8l or higherdddin et al., 2002; Zhanel et al., 2003). The higher ¢
clarithromycin agefsilates results steeper decreasefaafirying macredidéant
streptococci, which in turn allows for amr@paotades qiVi&lhotaa et al., 2007).
Furthermore, due to equal resistance erg@)aperascdhéers equally resistance agal
lincosamides and streptogramin B aaSisianuap|svimeéases only encode resistance
to 14and IBember macrolides. MoeegBgigehe is often tcdtedsame mobile genetic
elemes thietracycline resistaniceudete®mAs a redatithromycimige restrict the use

not only of all macrolides, but also of lincosamides, streptogramin®Blhat@ even of
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Kumar et al., 2007). The phenanteoeassistance are expleeneddetail in following
text.

In conclusion, the choice of a specific antimicrobial should not be based exclusively
target pathogen, but should equally take into account all aspects aiming at a minims
determinants. For example, the different risks for selection and spread are not restri
but are also present within one class. One specific antimicrobial agent might play a
resistant strains with @igher M nd mi ght even select f
linkage, whereas other similar antibiotics do not have the same selective effects.

2.1.4.ADMINISTRATION ROUTE

Different factors might play a role in the effect of differenacsististetiaelection and
spread. At first, the route of administration will affect tissue/intestinal content conce
and thus also the degree of the selection pressure exerted on both pathogens and c
adninistration of antimicrobials exerts a selection pressure on the intestinal microbi
higher than seen for parenteral injections, except for parenterally administered antir
enterohepatic circulatioexteat hsgich as tetracyclines (del Castillo, 2013). Neverthele:
and pattern of antibiotic tissue distribution might equally be involved in the exertion
Distribution into the intestinal lumen varies beigesis ahtoifferant classes due to
differences in their chemical nature (Baggot and Giguere, 2013). In this respect, p
antimicrobials, not undergoing enterohepatic circulation might possibly achieve selec
intestinal lumen.

The intestinal microbiota is often described as a commensal reservoir of resistance g
2004) and the oral administration of antimicrobials might be an increased risk (ct
administration) doticselof resistant commensal bacteria and spread of resistance ¢
commensal and pathogenic bacteria.

Yet, only limited specific research data on the effect of different administration route
and spread are available. Zhang et al. (2013) described the development of resistant
mice as significantly delss/emt when the same doses of antimicrobials were admi
intravenous injection rather than oral administration. Moreover, the difference in inti
was more significant for ampicillin, eliminated viadbgckivmesxthetedorideloth kidneys
and the gastrointestinal tract. Wiuff et al. (2003) included a parenteral and an oral 1
study and found no difference in the speed of sel&ctmmdaosrdedapicrs inetween
intramuscular administration of enrofloxacin and oral administration of the same
pressure might also have been present in the intestines following parenteral admin
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and its major metabolite, cippkstagirihigugh the intestinal tract after excretion in
(Koningstein et al., 2010). From these stutheseftegpméatdfénant administration routes
the resistance selection agairthdepatidscoobial used, iagddisoisalspecific excretion
route.

In food producing animals, individual and group treatments often coincide with
administration rapgestively (Pardon e).alre2dint of only one or a few animals (indi
treatment an entire group of animals can effect observed resistance levels, since re
the result of antimicrobial treatment of a single animal, may be partially diluted at the
the presence ofcaptbke micrabiotated by the contact animals. In chickens, previc
tetracycline feed, a decrease in the exdeettnivas semstaiter housing them with larg
numbers of cage mates that excreted susceptible microflora (Léney,eh8iE8). Howe
population is treated, the odds of dilution to occur by susceptible bacteria will be I
reservoir of resistance genes can be formed (Levy and Marschall, 2004). Moreover,
bacteria might occurdhote ammmals being treated, due to the inhibition of the commer
which exert a protective effect against colonization and infection by exogenous ¢
Travers, 2002). Dunlop et al. (1998b) compared ti: geibect toéatcherntuah aesistance ir
E. cditom swine using aminoglycosides and tetracycline and found lower resistanc
receiving individual parenteral treatment compared to the group receiving oral adm
showedhigher proportion oftesdtfiet the oral administration of tetracyclines compa
subcutaneous treatment (Checkley et al., 2010), yet the prominent difference disapp
showing that other factors wereantmvedugested an interaction between the grouy
bulls were kept together. On the one hand, a dilution effect could have occurred in
feed antimicrobials after the antimicrobial selection pressuaeddnasmdncannighother
have spread horizontally between the different groups of animals, explaining the
cessation of antimicrobial therapy in both the cdgtrehtedtighmuparenteral
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2.2ANTIMICROBIAL RESISTANCE SELECTION PRESSURE AND SPRE
FACTORS OTHER THAN ANTIMICROBIAL USE
Besides the use of antimicrobials, other factors can also be involved in the selection
determinants. These factors ed@ctithepriessire originating from biocides or heavy me
be due to entirely different drivers as discussed below.

2.2.1.BIOCIDES

It is known that biocides and preservatives, such as quaternary ammonium derivat
chlorhexidinkt hage working mechanisms in common with antimicrobials (McMurry, 1
similar mechanisms of bacterial insusceptibility may &cocoindriemnsesimhes in
demonstrated that efflux pumps play an ingtanzattoosntimiasbials or disinfectan
including QAD and triclosan (Levy et al., 2002). Thisressihace fodoveagchoseasing
concentrations of a biocide or antimicrobial under laboratory conditioSsi§Braoudaki
inhibitory concentrations of QAD and triclosan, due to poor disinfection procedures,
ofSalmondlighimurium strains with reduced susceptibility or resistance to ampicillir
tetracycline (Karatzz@0ft)al.,

Besides similar resistance mechanisms, the possibility of genetiqdigkage for plasmic
QAD resistancelastdmase gengladtam resistance has been &esauiiefd dme,

2002). This might also bertiraasgative bacteria, Suani@saoaE. cdiiom farm

animal origin yaeenes are often togethiends, encodiogasuide resistance, located
on mobile genetic elements that can harbor various othet adsi@dte Sjdhese(Sithu
2002; Chuanchuen et al., 2007; Cocchi et al., 2007).

According to Russell (2003) the translation of biocide resistane@tisimasanyightidies t
lead to premature or even wrong conclusiorigeasthet frastenicei® not necessarily hig
in settings with a higher biocide use. Karatzas et al. (2007) suggest a lower virulenc
and triclosan selection as a possible explanation. Nevertheless, QA®D fregistant sta
human patients with bacteremia showed a significantly higher prevalence of r
antimicrobials than QAD sensitive staphylococci, indicating an association between
resistance (Sidhu et al., 2002).

A thifdctor, along withesisesce andlection, might be the selective stress exerted by |
The expression of tepdmifiatly efflux AcrAB pump is up regojaeshlgspending to
toxic substances, such as biocaebiatsl(bhatiyi2002). Furthermore, stress induced by
favors not only the expression of resistance mechanisms, but also their dissen
transmission of integrons (Beaber et al., 2004) and plasmids yratdederdtii200®), and
spread of resistance.

53



EPIDEMIOLOGY OF ACQUIRED ANTIMICROBIAL RESISTANCHAPTER 1.3

Despite vitrevidence for associations between biocide use and selection and spres
resistance through the abovementioned mechanisms, data related to the occurrenc
follving exposure to biocides in the veterinary field are scarce. The correct use of &
measures in animal husbandry as a part of disease prevention to avoid the need of
arguing in favor of biocide use.

Thes®wflicting arguments in combination with the limited field data available indicat
for further studies to elucidate the potential interaction between the use of biocides i
emergence of antimicroleal resistanc

2.2.2.HEAVY METALS

Metalontaining compounds are widely used as feed supplements, both to address r
the prevention ofrgastioal diseases in food animals (Cavaco et al., 2011).

Multidrug efflux systems have been shown to be important mechanisms of resistan
and other structurally unrelated compounds, such as heavy metals, in several bacte
animal species (Delmar et al., 2014).

A orrelation between copper resistance on the one hand and glycopeptide and mac
other hanBnterococcus fesdaias has been observed in pigs, but not in broilers, calve
in Denmark (Hasman and Aarestrupgt2006)pditilg dighés copper exposure in pigs
through feed additives compared to other livestock. Most likelgelbtsidraofrdsalted in
tcrBTrd546nd therr(B) gene, responsible for copper, glycopeptide and macrolid
respectively, as they are closely located to each other on a conjugative plasmid (}
2005). Cressstance has also beehistesia imonocytbgemesansaomultiolielg
resistance pump exporting metals in addition to antimichidieasgéfeacenderz@00).
resistance to zinc and c&miwgweas found to be located within the clanat complex .
type V, prevalent imdviR@dsfand veal calves (Cavaco et al., 2010).

In fecal multidrug r8aistantskaotypes from swine, statistical associations were foun
ampicillin, streptomycin, tetracycline and kanamyciogessiawdeandgioeststa
copper, and between ampicillin, chloramphenicol, streptomycin, soiidgrazole, tetrac
conferring resistance to zinc (Medardus et al., 2014).

2.2.3.HOST FACTORS

Animals experiencing stress can show increased and prolonged shedding of bacteri
resistance into the environment can be promoted (Sorum and Sunde, 2001; Verbru
has been observedalor cofiom slaeghtigs, exposed to heat stress and without pre
antimicrobial use (Moro et al., 2000).
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Alongside an increased shedding of bacteria, a higher prevalence of resistance has |
exposed to stress. For instance, in pigs apasesictovediloly an increased resistar
prevalence to aprafymtias observed (Mathew et al., 2003). Another example of a pc
associated resistance effect was seen in a study on the effect of florfenicol in]
mulesistance inHecalihere cattle were rounded up from two pastures and transferrec
institute. Higher levekesistanlte and prolonged resistance following a single injectiol
was seen in calves that waly ineaerddiprior to transfer to the research institute co
calves from a source where they had been weaned one month prior to shipment (Bet
Several studies support that increasing age is linked with a slecieas#t gagyalence o
cattle (Berge et. al, 2005a; Sato et al., 2005; Berge et al., 2010; Kbabfatngan et al.,
fronpigs (Langlois et al., 1988; Dewulf et al.,, 2007; Akwar et al., 2008). In poultry
resistance totipte agents in enterococci was significantly higher for the maximum 4:
compared to older laying hens (van den Bogaard et al., 2002). The higher antimic
susceptible younger animals is often suggastad &oteverainigber levels of resistanc
young preweaned calves that had not had previous exposure to antimicrobials comp
been noted, and #edatagk resistance prevalence cannot completely be explained
antirorobial exposure (Berge et al, 2010). Also, for poultry, broiler production coincid
pressure and thus antisecoofpared to laying hens production systems (van den Bog
2002). Another possible explamagorermdsy Malk et al. (2007). The authors suggest
fitness cost of resistant bacteria becomes too large as the host gastrointestinal tract
with other microbes increases.

2.2.4.HOUSING CQWAT

Farm types or housing conditions have been identified as a significant factor in the pl
different animal sectors. These differences have often been assigned to divergent al
Antimicrobials in the mgkheplat®ut tvegmeng period might provide a selective advan
resistant erieraah calves. This could explain phenotypic resistance t. molie antimic
isolated from calves from calf ranches than frorat.daify20Ybes B2eggeet al., 2010).
Similarly, the fecal coliforms (Berge et al., 2001 asie Uz (aeyusatHartman,
2000; Catry et al., 2005) from calves for fattening show a higher degree of resistance
or beef calves. Mostdikelytjinely adminitedech@dication exerting a selection pressure
nasopharynx, through systemic distribution or through direct contact (nasopharyr
microbiota of the upper respisatesparasible for the higher reSstama EveZ0(05)
Other factors, different from antibiotic use, playing a role in the selection and spread
inherent to farm type were reported by Langloamuth@is (1889)aTddszn the first to repc
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the potential beneficial effect of moving animals towards outdoor production on the
greater proportiorcoolated from pigs on pasture were sensitive to 13teatimicrobial
than were isolates from pigs housed in a farrowilogtecuBeishricgnoretd_anglois et al.
1988) . This phenomenon may be referrei
with an equilibrium betpwéble susteesistant subpopulations or even a predominance
bacterial populations. A comparable effect has been seen in broiler chickens and fat
lower hygiene standard in farms was associated widsioiriterebstaaidomae | f

et al., 2007; Persoons et al., 2010). The authors suggested the possibility of a diluti
bacteria due to a soiled environment, resulting in a more diverse intestiaual microbiot
strains. Apparently, hygienic measures play an ambiguous role in the prevalence c
control, hygiene and sanitation are very important and modifiable assets to prevent
spread in a herd or flock laoddhug\went antimicrobial intervention. Furthermore, go
standards in a farm assume the prevention of the development of bacterial reservo
might result in less dilution and thus exposure to a majebactedgepepuk(i@sistan

2.2.5.DIET

The possible impact of diet on the prevalence of resistant enteric bacteria in the fece
several studies. As a result of a change in the composition of diets, environmental st
varyithin the intestinal tract (Alexander et al., 2008). Cattle on a grain diet, pre
antimicrobials, showed a higher prevalence ofEetdanyfdiced sesigiéad, compared to
control cattle on a silage diet é\le2@08grApH decrease in the rumen, after feeding
diet, might act as trigger for the expressionnof inzsgrsipoaiees, a common mechanisr
tetracycline resistBncelRoberts et al., 1994). Alexander et al. i{{2d 8¢ sty sied
other environmental stressors, such as bacteriocins and osmolarity in the intestines
induce genes linked to antimicrobial resistance genes. Khachatryan et al. (2006)
selective system fomgtsaptadiazeteacycline (SSuT) Eesisttratins from dairy cattle.
Animals receiving a dietary vitamin D supplement showed a nearly twofold increa:
SSuT resistant strains compared to animals that did not receive any supplement. T
vitr@xperimeriteyang that SSuT resistant strains attained a higher density of cells at
than n&®BuT resistant strains in the presence of the vitamin D additive. They c
relationship between the prevalence of SSuT hesrs@mirsitaackdéaive tmay be related |
genetic |linkage of the SSuT deter mi nai
advantage in the presence of the vitamin D additive (Khachatryan et al., 2006).
Further investigagioreeded in order to determine how changes in diet composition 1
prevalence of antimicrobial resistant enteric bacteria and thus the spread of resistanc
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2.2.6.BACTERIAL FACTORS

In certain bacterial strains thexkagidabstafdr a common mechanism for virulence and
or a linked presence of particular virulence and resistance genes. The hazard of the
or linked occurrence of virulence and resistance genes caryhd dedleetioasaihe poss
virulence genes by use of antimicrobials and consequentially maintenance of resis
pathogenic bacteria (Boerlin et al., 2005). Yet, the mechanisms involved affect whe
associations beesetance and virulence are seen (Martinez and Baquero, 2002; Bec
The AciAEC efflux pump, widely distriimegaltive Gesteria, expels antimicrobial agent
also hakdrived compounds with bactericidaladistisitidsarddsile salts (Perez et al., 20:
Several studies have demonstrated that the efflux pump is required for bacteria to be
resistance towards several clastetassg;raasnoglycosides, fluoroguine®es] tetracyc
macrolides (Martinez et al. KRG I&aneumbaimdeen shovporinhatdleficiency can
increase antimicrobial resistance, but decrease virulence at the ssistatce tl'sai et .
colistin in Gregative &aatis caused by either the loss or by changes in their lipopc
(LPS), thereby preventing or reducing the affinity of polymyxins (Landman et al., 20(
A loss or change in LPS has been assticetddenddsinis of overall fitness and virulenc
in olistin resigaatinobacter baluoedRujas, 2011; Beceiro et al., 2014).

Besides common mechanisms of resistance and virulence, mobile genetic element
i ntegrative conjugative elements (I CE
concurrently transmitted between andpecibs Bactpoatise enteEotorigditHc),

diverse resistance and virulence genes profiles have been seen (Smith et al., 2010).
diverged outcomes on clustering of resistance and virulence genebefsgnfew or ni
resistance and virulence genes were reported in porcine multidrug resistant ETEC b
the other hand, field data obtained by Boerlin et al. (2005) showed statistical asso
genes for ETEC isolated Tresnhpigeen supported by the clustered prevalence of the
resistance t¢edend several virulence factors on a common plasmid in porcine ETEC
2008). The latter confirmed the hypothesis that antimebiahcesistdfitE Gstham in
other por&nediBoerlin et al., 2005). Yet, where positive assodettiihs wee riotind for
the case for certain virulenceetBDoheastlidies report the presence of a pTC plasmi
resistem and enterotoxin virulence genes in porcine ETEC (Fgheséiwt atral(312), in
(Olsz et al., 2005) ahd ao@9:H10 strain shown to have enhanced virulence (Gos
2008). Studies on enteroltendiieh#e@cattle (Valat et al., 2012) also aiming at investi
the possible link between resistance and virulence genes reported ollydelv or no a:
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strains have been shown to carry a conjugative R plasmid cont@ampmgillboth tetra
resistance genes and virulence genes (Johnson et al., 2002).

Field studies have shown more phenotypic resistance in bacteria from diseased thar
animals, such Bs cblbbm Swedish dairy calves with disrhetaa(dWig) ciafliom

dairy cows with mastitis (Suojala et abirept@penasiaspigs with diverse clinical
conditions (Li et al., 2012). Yet, findings on the statistical relationship between
resisted phenotypes in the field should be interpreted with caution. Though phenotyp
more antimicrobials was associated with the presen€Ee afinondeoicthgeaasrience
factors were associated with treeasspEtiogldi et al., 2010; de Verdier et al., 2012), s
that detection of virulence factors might not always predict virulence in field conditic
that other factors may explain higher resistance prevalsnddigherdmseaatsheaiof
resistance in pathogenic isolates from diseased animals as a consequence of anti
been suggested by Harada and Asai (2010).

Recently, another connection between virulence and resistance to antimicrobials
(Arnoldini et al., 2014; Diard et 3hjn2@id)gmmurium, the expression of a type th
secretion system, encoded by Sahesrgdithegenicity island (SPI) 1, triggers gut ti
invasion followed by intracellular growth retardation and antibiotic tolerance. This |
2persister cells?® with i1ncreastereainanol e
antimicrobial environment (Arnoldini et al., 2014; Diard et al., 2014). Upon cessatiol
former persister cells reseed the gut lumen and thHemabgnissiliiie tdiseasdosts (Diarc
et al., 2014).

Another bacterial factor is the fithess cost after having acquired a resistance determ
or HGT. This will be further discussed below.

58



EPIDEMIOLOGY OF ACQUIRED ANTIMICROBIAL RESISTANCHAPTER 1.3

3. PERSISTENCE OF ANTIMICROBIAL RESISTANCE

3.1IPERSISTENCE OF ANTIMICR@BIAE RMESHE PRESENCE OF
ANTIMICROBIAL SELECTION PRESSURE

When evaluating resistance monitoring results, often a relative steady state of the |
population can be observed. Rates of residiandiomaattregagfsroiler chickens in
Japan, remained stable at intermediate level for ampicillin and at high levels for strej
from 2000 to 2007, commonly used antimicrobials in Japan (Harada and Asai, 20!
porcine andh&evcah Belgium, tetracycline resistance remained stable between 2005
2012). The MARAN data report relatively stable cefiistant#dmmisimmal species over
time, with a tendency to increase until 20L1HBIMRANZ2 2hwards, a limited decreas
resistance rates was recorded for most antimicrobials included, which is most il
substantial decrease in amanitneldidEdtherlands since 2009 (MARAN, 2014).
Administeringaabirals to an individual animal generally results in an increase in resis
individual animal and by doing so maintains a resistance pool that can influence the
1998). In calves, prior to treatment vathistmtacoitare detected (Rdlralbnella
Typhimurium strains were susceptible. Followingeisestafieimioaphigpiyciarium
straipsarrying the same resistance geriescaiversistatated (Hunter elal|rilep2).
al. (1997) suggested a model where treatment of individual animals exerts sufficie
maintain a commensal reservoir of resistance genes, which contributes to the spr
these genes at a populahigriidgegier with earlier described factors including vitamin D
milk intak@uld explain why Eestslia@tfound in neonatal calves and piglets not previousl
to antimicrobials. These young animals are exgistatt tompeoisaf bacteria in the dal
which thereafter is maintained by the medatithenisqBatttgr et al., 2005a

The persistence of resistance can also be-gwlaTided fejearedsto as the selection
resistance to @obiml agents by any other antimicrobial of the same antimicrobial ¢
selection, defined as resistance seleacsi@n timelafe drentimicrobials as a result of linka
multiple resistance genes on the same géttgicvalerasult inite collective positive sele
of all genes in the presence of a selective pressand twessectiait.c&o explain the
persistence of resistance, even though the actual antimicrobiabhhmaparaichbednsused f
phenomenon is well known in veterinary medicifke.datin\exaegrierepoimed resistant to
chloramphenicol in spite of the absence of a direct selection pressure exerted by chl
years, as this pmwdscwithdrawn from the market for food producing animals in 1
(Berendsen et a)., Codsssistance to florfeniceklactiocoby the use of aminoglycoside
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tetracycline and sulfonamides may explain this persisittancalBascphbéretall., 2005).
Cefazalsistant cdirains, harboring extended spectrum elastafasetasa Glasmids,
have been isolated from broiler chickens in Japan (Kojima et al., 2005). Since n
approvied use in poultry in Japan, the selection of these strains is most likely enhance
other resistance genes on the same plasmid (Harasideatidrsisfn&1Benes,
conferring resistance to streptomgniidesdesgértively, during the treatment of chick
streptomycin has been reported by Faldynova et al. (2013).

3.2PERSISTENCE OF ANTIMICROBIAL RESISTANCE IN THE ABSENCE
ANTIMICROBIAL SELECTION PRESSURE

In the absence of a selection pressure exerted by antimicrobials, one could assume |
advantage anymore for the presence of antimicrobial resistance determinants, espec
Is associated with the resistan@ztraiedtiizedothat resistance achieved by both mutati
chromosomal genes (Wichelhaus et al., 2002; Giraud et al., 2003) and through acqui
(Johnsen et al., 2002) may impose ailfiviessdoogvdotbss in fittasde reflected in
a reduced growth rate (Andersson, 2006; Majchezdeygedttelnstfidlion rate (Randall e
al., 2008), a higher cledzunsiafsten et algn2l0@8ecreased invaBivareds® et al.,
2008which carerttak resistant strains less competitive than the susceptible ones in the
antimicrobialshbhikel result in a gradual reduction of resistance prevalence if no selec
present. However, it is often obsectied tsatbatiadation of antimicrobial use in farm
environments does not necessarily result in a decreased prevalence of antimicrobial
not in the short term (Enne et al., 2001; Khachatryan et al., 2004; Teaktiahnd Gebrey
2007)he horizontal transfer of resistance genes in the absence of an antimicrobial se
for instance been described for the tetracytki@etssEaopyebactestiguns in
the intestinal tract of chickens (Avrain et akr@8ietyraadincthid&stue nasal and
tonsillar microflora of pigs (Martel et al., #00R¥hREeantypdat showed the spread of
genetic determinafsesidthnce independent of any asimedidhiasaac et al., 2014).

Several mechanisms might be responsible for the persistence of resistance mechani
the absence of antimicrobial use. These are described below.

3.2.1.COMPENSATORY MUTATIONS AND OTHER MECHANISMS RESULTING IN
ANTIMICROBIAL RESISTENCE

Someesistamc® nf erri ng mutations bear | ow or

(Luo et al., 2005). This was aljzaciég cabolate where the fitness impact imposed by
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carriage of antimicrobial resistance elements waxigareréigrievebalnd?005). Moreove
carriage of transposon Tnl A impreveddiingsg infectiels (kwohe et al., 2005). Most
likely, the insertion of Tnl A disrupted a gene that imposed fithess cost or the tran
fitness advantage (Enne et al.,, 2005). Enhanced fitness has been seen in fluo
Campylobactardegctly linked to the single poigyrAcaatemimoHéeigh resistance to
fluoroquinolones (Luo et al., 2005).

Additionally, a mechanism of compensatory mutations has been described (Andel
enabling a resistarib stoampensate for fithess loss and successfully compete with, or ¢
susceptible strains (Handel et al., 2006; Johnsen et al., 2009). The level to which ¢
and the number of compensatory mutations dabsinds othéheebiataece mechanism al
the environmental conditions (Andersson and Hughes, 201didBemiroezitslagn2i013).
animal models have revealed compensatory mutations for amelioration of fithe
chromosom@tions, such @almondlighimurium (Bjorkman eEatglhV@@8)sson et

al., 2009) @andurgidagaeyv et al., 2001).

INE. coit has been observed that the addition of a fourth fluoroquinolditreesssistance r
munt strains caused a further reduction in susceptibility to fluoroquinolones and &
fitnessimvitronodels as welhagdlarcusson et al., 2009).

Besides chromosomal mutations, plasmid encoded resistagceegeoespengatoeguall
mechanisms for fitness costs (Pod¥astradls 20th)as pCT, carryingpeetaxtended
lactamase (ESBL) resistd@reXbhdrave evolved to impose little impaat witrbost strair
(Cottell et al., 20THni&Almond§ghimurium strains, the biologicakoosdet! giegmid
level AmpC production is compenseatembdsdplasioid, other than the repression of .
expression (Hossain et Hhe 20@ige Salmongkgpulations resistant tespetdnohed
cephalosporins in animal reservoirs (Chen et al., 2004) supports the presence of suc
compensate the loss of fithess associated wilctersis (@inem a6 .

As a result edmd low cost mutations, and comperesaiongmbidltiesistance genes anc
their vectars able to show a rapid emergence, stabilization and persistence in en
absence of antimismbad ablished in bacterial p(iputetienal., 20dtll et al.)2012

3.2.2.REGULATION OF RESISTANCE MECHA M\SENESCHFCRARERIS IS T
Antimicrobial resistance is in general only transiently advantageous to bacteria, nam
antimicrobial. Therefore, bacteria can regulate the expression of resistance, followin
or acquisition of mobildeyeemtsc (Bepardieu et al., 2007). Induction is the process
phenotypic resistarmeeig to expraisionaving acquired an antimicrobial resistance de
(Chancey et al., 2013). The antimicrobial to which theteglsisdanice mwodsesitarghe
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induction of the expression of the gene (Butaye et al., 2003) and furthermore, ¢
dissemination of the resistance determinant (Deparieu et al., 2007). This phenomen
described for iadutiBesistance (Chancey et al., 2013) aartt Vianpanksistance
(Arthur et al., 1992; Foucault et alp26ii0¥ ibaEtana, feda#atgnl resistance (Jacoby,
2009) in Gmagative bacteria and for several resmm@nsgcmeashgpecific efflux system:
(Butaye et al.,&@fiBpsome methylation (Chancey et al., 2013).
Regulatioexpiressioresistance mechanisms in bacterial strains may explain why iso
resistantviviham vit(@hancey et al., 2012). It drastically reduces the biological cost ¢
resistance (Andersson and Hughes, 2010) and therefore it can account for the wide
such stralfmutault et al., 2010)

3.2.3.GENETIC LINKAGES ASSMMHETHRERBTETOF RESISTANCE

Ceselection does not solely occur by the use of antimicrobials of diverse classes. A
resistance genes can be linked to a much broader spectrum of genes due to co
elements, suplasimids, transposons or integrons. These genes can attribute an advat
certain conditions, such as in the presenc€afdueagy ahg@iddipes (Levy et al.,
2002), nutritional components in a diet (KB@OGatyaah ietnaline defense mechanis
(Goswami et al., 2008). As a result, selection of resistance genes can occur by
absence of an antimicrobial selection pressure. Specific efflux and multidrug efflux s
can for instance be involved in additional physiological functions related to a wide re
substances occasionally including also antimicrobial agents (Wang et al., 2000; Buta
confer advantages to baetken amémicrobials are not present (Wang et al., 2000; Bi
2003), resulting in the persistence of such systems.

3.2.4.POST SEGREGATIONAL KILLING AS A MECAVOHESM RENIBERSIST

Post segregational killing (PSK) systems imply the killing of bacterial cells after the |
the imbalance between a toxio@odabstatice that are co expressed. The linked pres
PSK system to antimicrobéatetsrstamants on one plasmid has been reported for glyc
Enterococcus fa@riupoultry and poultry farmers (Sorum et al., 2006). The system a
development of friesndigughter cells (Johnsen et al., 2009)tesdothpes sistetnce of
resistance. In some cases the resistance genes themselves increase fitness (Groh
the genetic element they are located on presents a fithess cost, effectively selecting
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3.2.5.ENVIRONMENTAL RESERWREISISTANCE GENES

Bacteria in soil, containing resistance elements, are phylogenetically diverse and mz
pathogenic species, suggesting that they can play an important role as reservoir of r
horizontahg transfer (Dantas et al., 2008).

ResistancEampylobagpands. entersteains has been reported to persist in farm anir
antimicrdipegd and organic production systems (Rollo et al., 2010; Keelara et al.,
resistance profiles were & samtesraCampylobagigrom pigs and theanemant on

farms and at slaughter{{@ymstairend Thakur, 2012a; Keelara et al., 2013). Moreover
multilocus sequence typing, genotypically characterizing bacterial strains, revealed
swine and environmeatal fHaughterasssaat@dmpylobactéC.cafilsequence types
(STs). This demonstrates the swine environment to play a key role in th€persistence
colstrains on pig herds, even in the absence ofoantiressoiea(GeleEhshi and
Thakur, 2012b).

4. REVERSION TO SUSCEPTIBILITY

A final possible phase in the epidemiology of antimicrobial resistance is the disap
From the above, it is clear that, despite the absence of an antimicrobial selection |
spread of resistance through istherdeaezase the likeliness for a rapid reduction in r
prevalence. However, some studies showed a decline in the resistance level of bax
antimicrobial selection pressure was rerasistaqdasemauitiriey colpopulation, a
tetracycheasitive subpopulation emerged in the absence of antimicrobials (De Geld
was observed in aitrexperiment aiming at constructing mathematical models for f
reversibility to atdlsgeppulation in the absence of an antimicrobial selection press
incorporated the mutation rate (number of mutations per generation), and the select
in growth rate due to the fitness costs assocthtedweissterbeniasmid). As expected,
the time required to reduce the number of resistant bacteria appeared to be inverse
cost. Consequently, relatively less time is needed for strains with ashgyhditpess cost
for a constitutively expressed tetracyclineagyenomberaplagmid (Modi et al., 1991). Y«
order to cope with this high cost, bacteria may adapt to the environmental conditio
allowing them to remaitiveanthesusceptible isolates in the absence of antimicrobials.
illustrated for amplificakilzh gérledersinia enterqashca the copy number of the plasm
carryitdd is adjustable according to changeent Hrelas/maesult, only a basal resistal
level remained once the selective pressure was removed (Seoane et al., 2003).

In the abovementioned example, absence of resistance is the result of genetic alter
the absence oteottials. The final step in the reversion to susceptibility leading to a cc
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In resistance prevalence, should be a decreased growth rate of bacteria carrying re
even the disappearance of these determmantia\Bginbspmylgol, primarily used as a
additive in poultry, swine and cattle (Butaye et al., 2003) because cpdsitbuppressive
bacteria, has been shown to be effective in inhibégatigeointhstinéx braotying
antimicrobial resistance plasmitindotiiv@Pfaller, 2006). In addition, it can decrease
frequency of transfer of resistance plasmids ebcemtey®aaursarsE. faecium in
vitrand mighs the effective in the prevention of horizontal dissemination of resistance
al., 2006). Yet, the latter has not yet been confirmed for all mem§@oeteetcadrial spec
2006). Nevertheless, flavophospholgpablmigintdplangasing the transferable antimici
resistance gene pool within the intestinal bacterial population.

An additionatmayebe attribboitegiccinatrohuman mednanetroduction of a vaccine agains
invasive pneumococeahaksbasn shown to decrease the incidesistant anvidsivec
disease. By reducing the risk of carriage and tratygmissisist8ifepioonoeus
pneuma@si@ains the number o&.gsisanemeareaseth@opulation (Kyaw et al., 2006).
Results of antimicrobial resistance monitoring programs in countries where during se
decrease of antimiseénbrakerinary medicine was achieved, demonstrate that a reductic
prealence is possible after a few years (MARAN, 2013). It remains to be seen how I
substantial and stable decrease is reached.

5. CONCLUSIONS

Antimicrobial resistance is an old phenomenon with a widegpazhdjowayatencky in ar
attributed to the use of antimicrobial agents for growth promotion, prophylaxis, meta
a result, one would expect that reducing the main selection pressure, namely the :
result in a decireassistance prevalence. Yetars@averedmahfactors may contribute to t
selection, spread and persistence eefesigianoetween a resistance mechanism and
selected determinant is believed to play a tbhesspeeableanolegarsistence of resistanc
Furthermore, bacteria have evolved mechanisms to cope with the potential fithess
acquisition of resistance determinants. Since these fitness costs are beligved to be tl
reduction of the frequency of resistant bacteria in the absence of antimicrobials, it
resistance after cessation of antimicrobial administration uncertain. The role of antinr
of bacterial diseases camas@ngthing but essential. Therefore, good insights in the
of resistance at the animal and population level is cruciahppriatdstpategiesdimp

stop further selection of resistance.
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Intensive pig production has been identified as subject to high antimicrobial expos
antimicrobial resistance in commensal, zoonodicteaadfimoathpgsnimainly as a result «
antimicrobial consumption, and potentially threatening treatment options in both
medicine, is worrisome.

Closely monitoring antimicrobial use and antimicrobial resistance levels are both
strategies aiming to contain antimicrobial resistance. Commensal bacteria, common
exposed to any antimicrobiahaaimiinistratore good indicators for antimicrobial resistan

The overall objective of this thesis was to gain insight in the extent to which antimicr
Belgian pig production, in the presence of resistance in g% e saltbaceEatidnship
between the occurrence of resistance and the use of antimicrobials in sows and pigle

The specific objectives of this thesis were:

(1)to collect and quantify-thetal devikle group use of antimicrobial @igdmésds Belgian
in 2010 and to compare the results to a similar study conducted in 2003 (Chapt

(2)to report the level of antimicrobial resisfarsitvin ittticatanb&tteptatoccus
suigsolated from clinically healthy fatiagime mpage dCtlapter 4)

(3)to report the level of antimicrobiahechmmegative indicator bastdrauniohia
colisolatém clinically healthy pigs at slaughter age (Chapter 5)

(4)to investigate whether the presence of anttiactrebdliaessbws and the
administration of antimicrobials to sows and piglets during farrowing influenc
resistance in fecal cdim@insalvs and their offspring (Chapter 6)
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ABSTRACT

The monitoring of antimicrobial use is an essential step to control the selection and
resistance. Bedaraary and October 2010 data on prophylactic and metaphylactic
were collected retrospectively on 5Ccldssddoigy lserdsihiMaetyercent of the group
treatments were prophylactic whereas only 7% wevst rfretamntlsiatised la@tmmicrobials
orally applied at group level were colistin (30.7%), amoxisillion@M&s, (kBriEboprir
doxycycline (9.9%) and tylosin (8.1%). The most frequently applied injectable
tulathromydi 0%), long acting ceftiofur (40.1%) and long acting amoxicillin (8.4%
incidences (TI) based on the used dqilglaidhe pictbIyadministered dose per day pe
pig of a drug) for all oral and injectablgsmtasiomletidge 200.7 per 1000 pigs at ris
day (min = 0, max = 699.0), while the Tl based on the agrﬁm'aﬂlrtmnylm defi(kDD
average maintenance dose per day per kg pig of a drug used for itsighain indicatic
(average = 235.8, min = 0, max = 1322.1). This indicates that in reality fewer pigs we
amount of antimicrobials than theoretically possible. Injectable products were gene
whereas oral treatmefftisnwardendosed (47.3%). In conclusion, this study shows tha
group treatment was applied in 98% of the visited herds and often includes the use ¢
broasbectrum antimicrobials. In Belgium, the guicsdirafsafutinpondbiatis are not yet
implemented.

' UDRor Used Daily Dose is equaktprojxi3Bd by the European Surveillance of Veterinary Antimicro
ConsumpiiEeBvVAEMA, 2013)
? ADDyigor Animal Daily Dose is eque pyokidBe} by the European Surveillance of Veterinary Antimicr
Consumption (HEWXCP013)
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INTRODUCTION

The use of antimicrobials in modern pig production is of essential importance in m
(McEwen and FEdayka002). Yet, under some circumstances, the risks associated wi
negate their benefits (Colligdh &halp@ential risks, consisting of the exposure to ar
residues in food or environment (WHO, 2002; McEwen and Singer, 2006; Wei et al.
the selection of antimicrobial resistance in both animalianchight@mplatadseartanal
and human health (Bywater, 2004; Ungemach et al., 2006). The demonstrated con
use in livestock in the enmmortencetreiistadtaphylococcus (MRSEA) and extended
spectrum {atamase prodisicigerichig ESBL) in production animals has increased the
health concern over the consumption of antimicrobials in livestock (van Duijkeren et
al., 2010; Horton et al., 2011).

Over the years, see@sates have been taken to safeguard the efficacy of antimicrobi
prevent the emergence of antimicrobial resistance. In 2005, the World Health Organ
criteria to rank antimicrobials according to theanimpeticinee io helm preserve the
effectiveness of currently available antimicrobials (Collignon et al., 2009). Guideline:
prudent use of antimicrolpatslutifugpdnimals have been suggested by several instituti
al., 2000; BTK and ArgeVet, 2000; CODEX, 2005), intended to prevent or reduce th
contributes to the spread of antimicrobial resistant bacteria in humans and anime
recommend the prescription of argmmatsb@ibytfor therapeutic or metaphylactic reas
only after the identification and antimicrobial sensitivity testing of the causal pathot
2000). According to the WHO guidelines (Stohr et al., 2000jriceoprajshiylatiittrase of
programs has to be regularly assessed for effectiveness and whether use can be red

The most far reaching change up to now, in order to decrease the antimicrobial us
antimicrobial growthsprothetBuropean Union (Bengtsson and Wierup, 2006; Aarestri
Sweden was the first to discontinue growth promoter use in 1986 (Phillips, 2007). T
growth promoting antibiotics had ceased in the gn2@®&uropean Union b

The appropriate assessment of the selection pressure exerted by the use of antimic
first step in the control of emergence of antimicrobial resistance (Chauvin et al., 200:
Cray, 2002; AarestruphizO@gjuires detailed knowledge on the reasons for antimicre
treatment duration and administered dose as well as the accuracy of dosing (Catry €
2009). Furthermore, monitoringsaafliomisrtd evaheatgppropriateness of antimicrobial dr
application according to the prudent use guidelines as established by several institu
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Ungemach et al., 2006; Regula et al., 2009). Moreover, data on antimicrabial use als
disease burden. Finally, interventions cannot be evaluated properly unless a standa
can measure the relationship between exposure and outcome.

In 2008004 a detailed study of the antimicrobial use in i pradupadiormeBelgi
(Timmerman et al., 2006). A relatively high level of group treatments was noted and
broad spectrum antibiotics used for prevention was highlighted. Since 2003, little
collected and it wasetmarteknown whether the appropriateness of use has improved c
seven years.

The purpose of this study was to collectlevel datmiily therdise of antimicrobial agen
Belgian pig herds and to assess the chhogesd antdonstobial drugs in 2010 and to cor
the results to a similar study conducted in 2003.

MATERIALS AND METHODS

Selection of herds and data collection

A list of 140 pig herds that fulfilled the selection criteria were randombngaigicted from
identification and registration database (SANITEL, 2010). The sampling frame consi:
herds that used a closerlosedgoduction system and held at least 150 sows and €
pigs. Only farrow to finish herds were selected since these allow to collect data on th
fattening pigs during their entire lifespan. The Isamppeinces(stratf)egroportional to th
number of pig herds per province. Random selection was pgdosreddussig a cc
(Toolbox, Cameron, 1999).

All selected herds were contacted by telephone and the first 60dpenddethattiavere wil
study were visited between January and October 2010. The herds were visited wher
were less than 2 weeks before slaughter (average body weight at slaughter varied t
at the average age afjs306dhis way, we aimed to assess the antimicrobial use dur
lifespan of the fattening pigs. Onetviuritkets thvieye contacted by telephone to obte
cooperative herds (response rate of 888ppnoéethe30daH@8/8)pped their activities,
28% (23/82) were not interested and 28% (23/82) were unable to participate due t
percent (11/82) otrrepanders claimed other reasons. The number of sows and fatten
in the nEeponding herds (on average 181 and 1046 respectively) was significantly (p
the responding herds (on average 289 and 1420 respectively).
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Despite the high numbesmdmaers, a sufficient number of respondeesdiféeraniailable f
provinces in order to fulfill the numpesed ldelssratification. The herds were located
different provinces of Flanders. 94% (47 of 50 herds) of the selected herds lay in the
Belgium (Wéstslanders and Antwerp with 6.9 .Berusti&iand 0.2 herés/km
respectively). Three herds were located in the less dense regiBrasbaht(i@durg anc
herdsfkamd 0.1 herdsdismectively). No herds from the selghemwpart adiduded since
90% of the Belgian pig production is located in Flanders and the remaining herds (1
are mainly fattening sites that were not within the selection criteria for this study.

Quantitative and qualitativgrelassel antimicrobial use in the sampled herds were col
means of a questionnaire dafatg afesiée interview with the farmer. All the interviews
by the same interviewer (first author) in order poetatioh diffdrergrnatesrs provided by tt
farmer. The questions aimed to collect retrospective data on the antimicrobial grc
between birth and time of the herd visit for the oldest group of fattening pigs presel
shughter). A group treatment was defined as each prophylactic or metaphylac
antimicrobials to all the pigs of the same production group. Prophylactic use of antin
treatment of healthy pigs to prevertcdisemgg Wwbhereas metaphylactic use was defit
treatment of clinically healthy pigs belonging to the same group as animals that sho\
disease (Aarestrup, 2005). For each group treatment, following datandesdigathered:
duration of therapy (in days), dose, administration route (feed, water or by injection
the treated animals (in days) and body weight at time of treatment. To check for col
documents or ondemfere consulted if available. This was only possible for 10% of the
Indications for treatment were categorized by the interviewer based on the symptom:
prior to the administration of antimicrobials.

Quantification obdsugnption

Antimicrobial drug consumption was quantified as treatment incidences (Tl) based «
pig (ARPand the used daily dosg)pith@JBRIS the national defined average maintena
dose per day per kg pig of a drug used for its main indication (Jensen gt al., 2004)
were based on the dose recommendations in the Belgian Compendium for Veterina
drg® s i nstr uwgstdefined aslthe adiubllg administered dosé p&r day per |
drug. In order to calculagg Hreddfate of the body weight at time of treatment was
average body weight (bw) betweeanuirdi amsdperiod (at 10 weeks) was standardize
over the different herds using a standard growth table for a given age of the pigs (1.
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kg bw at weaning age of 4 weeks). In order to estimate the bbd theitditdmetgeen ti
period and slaughter time, the average daily weight gain was consulted for the indivic

The treatment incidence is defined as the number of pigs per 1000 thgotis treated c
UDER, The Abbpignd Jdopiwere calculated based on the acquired data, according to
described by Timmer@ao@t dihe following formula was applied:

Total amount of antimicrobial administered (mg)

my

kg

DD or ADD ( )* number of days at risk = kg pig

The number of days at risk was set as the total lifetime of slaughter pigs.

A distribution (minimuns, peec@mtim) of the treatment incidences was used because |
not fully normally distributed (Table 1)THdsgndipestfpmadach individual antimicrobial
drug was calculated by dikigimntheoppef each individual antimicrobidiiby,the total
and lipppfpr injectable and oral administraélyn§lineserman et al., 2006A0he UDD
ratio of each antimicrobial drug gives an idea of the correctrgsuriddronghbawadiatior
(=theoretically correctly dosed) was considered as withinla?) adoceptaaie dasigg (0.6
(Timmerman et al., 2006).

Data analysis

Comparison of herd characteristics of resppaddggpadfoioned by mé&nhswid e nt 3
tHest.
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RESULTS

Prophylactic antimicrobial group treatments were responsible fovMeg&gphylaadtigroup ti
treatments constituted only 7% of all group treatments. In only one herd, no antimicre
used. The-fongy otherds applied at least éeeftmmagiment between birth and the time o
herd visit. Figpresents the distribution per herd of average treatment incidences ba
ADRpor the Ufor all group treatments.

mTIudd = Tladd
1400

1200
1000
i 800

600

- g e B = on oo
T I -V R

20

(=]

||||I|I‘||I||I|“I‘||H|
31 41

Herd Id#

Figurd Distribution per herd of average treatment incidg{€hs>RasddUpPADD
(Tdoppifor all group treatments in Belgian-closed pigdhseds (between birth and two we
within slaughter), for 2010.

0 ||I|I..||.||I.|I||||I|
1 11 21

The distribution (minimum, percentiles, Thaxi@nchdefitrethe different oral and
injectable antimicrobial agents as well as their relative importanceT jexpgessed as the
Tloopi@re presented in Table 1. Penicillins were the most frequently used antimicrok
Tloppquals 27.6%), maitdytite frequent use of amoxicillin both as injectable and oral
together with the less frequently used injectable penicillin and ampicillin. Polymyxins
frequency of 27.0%. Antimicrobial classes wildive muueEtatecer are the
macrolides/lincosamides (17.7%), thelfdnamithepri(hl.5%) and tetracyclines (10
Cephalosporins represent 5.3% of the total use and aminoglycosides (0.7%), p
quinolones (<0.1%) aredlysusequ

During 47.7% of the time, animals were administered antimicrobials belonging to the
list. The 3rd and 4th generation cephalosporins ceftiofur and cefquinome were use
herds. Tulathromycetantpfifg macrolide, was administered in 29% of the visited hert
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combination with iron mineral supplements that are given to prevent iron deficiency
piglets.

The averageopfpr all oral and injectableigindimggavas 235.8. In reality fewer animals
treated, asThgpyas 200.7. Animals were more often exposed to or@hgspiimicrobial |
oral = 183.5T@pghipral = 176.5) than injectable adligipigattas§2.3 anighopig
injectable = 24.2). DiscrepancigsAarehigemeTthe result of incorrect dosing. On aver:
antimicrobials were mostly overdosed, since with the same amount of antimicrobi:
treated than basedearttE@Nyoy{J loops TAoopig

Injectable antimicrobials were mostly overdosed (79.5% overdosed, 8.2% correctly d
whereas oral administrations mostly were underdosed (47.3% underdosed, 23.3%
ovedosed). The two most often oral administered antimicrobials, colistin and amoxici
53% and 43% of the cases, respectively, whereas injectable amoxicillin was always
was urngleorrectly and overdosegual number of treatment occasions. Ceftiofur was o
88% of the administrations and cefquinome was always overdosed.
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Tabl& Distribution of the oral and injectable drugs aqg e fyeRoimamatered as group treatments to fattening pigs between birtt
age, in 50 Belgian closetbsedgng herds expressed as treatment incidence per 1000 pigs at risk per day and bdesdson anima
(ADRor UDRILO00 pigs at risk/day). Antimicrobials are classified according to their importance in hontiaallgnéuicoreaftvVHO,
antimicrobials; Class Il, highly important antimicrobials; Class Ill, important antimicrobials.

Class accot . .
to importat Thoo? T a Proportion Proportion
) 4 DDpig UDDpig 0 0
in human Active subst T,I\DDpK{P TLIJDDp@
medicine
. 25th | 50th | 75th _ 50th| 75th
Oral Min Max| Min| 25th P( Max
PCT| PCT| PCT PCT| PCT
Amoxicillinj 0 0 0 57.7| 1852 O 0 0 72.8| 203.9 24.9 30.0
Tylosin 0 0 0 0 1971 O 0 0 0 305.8 8.5 8.1
I Oxytetracycl O 0 0 0 4.9 0 0 0 0 135.9 0.1 1.5
Tilmicosin| O 0 0 0 454 0 0 0 0 534 0.7 1.0
Colistin 0 0 144 | 525| 532.2 0 0 41.3| 101.9 203.9 32.3 30.7
Trimethoprii
. 0 0 0 0 444.1 O 0 0 0 184.5 17.0 13.1
sulfadiazing
1 Doxycycling 0 0 0 0 5234 0 0 0 0 194.2 12.6 9.9
Spectinomy( 0 0 0 0 554| O 0 0 0 68.0 0.6 0.8
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Lincomyein 1 o | o |41 o] o 0| 0 | 1262 06 33
spectinomyc
1 Lincomycin O 0 0 0 143 O 0 0 0 68.0 2.7 1.6
Injectable
Tulathromyq O 0 0 129| 76.1| O 0 0 34 | 68.0 22.4 45.0
Ceftiofuf LA 0 0 0 | 585| 1351 O 0 0 | 243 485 57.2 40.1
Amoxicillih L 0 0 0 95 | 51 | O 0 0 | 49| 146 111 8.4
Ceftiofur | 0 0 0 0 27 | 0 0 0 0 | 49 2.9 25
! Cefquinom{ 0 0 0 0o | 187/ 0 0 0 0 | 97 1.0 1.2
be'anr;;ZZ';d 0| o o | o | 462 ol o 0| 0 | 49 4.0 1.2
Ampicilif L/ 0 0 0 0 | 129] O 0 0 0 | 49 0.8 0.8
Enrofloxaci| 0 0 0 0 64| 0 0 0 0 | 49 0.2 0.4
T Florfenicol| 0 0.2 87| 0 0 4.9 0.4 0.4

a Tdbppigreatment incidence baggdlpp.AeBtment incidence bagsgd on UDD
b PCT, percentile
c LA, long acting
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Fig. 2 shows the distribution of the oral and injectable group treatments for the differ
used during the four production stages. These can be defined as the farrowing
weaning between 21 and 28 teysicsepgend (from weaning age until 70 days of age
grower period (from 70 until 126 days of age) and the finisher period (from 126 day:
Of all 206 group treatments, 90% (n = 186) was administeeak$d et (bartioamd) 10
anchurseperiod). Only 20% of all injectable and oral group treatments were admir
fattening period (grower and finisher period).

100% -
90% -
80% -
70% -
60% -

LS
aminglycosides
lincosamides
™S

phenicols

category
n
<
S

m tetracyclines
® polymyxins
M quinolones

m macrolides

Percentage of oral and intramuscular
antimicrobials per class and per age

m cephalosporins

m broad-spectrum penicillins

M oral

FARROWING n=68 | NURSERY n=118 GROWERn=17 FINISHER n=3
Figur@ Distribution of oral and injectable group treatments for the different ant
administered to fattening pigs for the different stages of production in 50 Belgian
intramuscular (injectable group treatraadt&edrahtimatFobial medication; farrowing, frc
until weaning between 21 and 28udsgdyroimageaning age until 70 days of age; growel
70 until 126 days of age; finisher, from 126 days of age until islgatgidde; andaiedinumt
group treatments for all used antimicrobial classes pegsnR0&); 2B pig benagc(ime
spectinomycine; TMS, trimethoprim/sulfadiazine.
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Restsl of the indications of treatment and the administered antimicrobial classes at
Prophylactic group treatments were mainly applied shortly after birth, around castra
piglet diarrhea during the farroepinglpepodnandpleiciadn penicillins were the most
frequently administered antimicrobials for these indications with 44% and 9.3% of th
treatments, respectively. Tulathromycin was administered insB2%on$ tteeprgeetable a
suckling piglets from coughing and sneezing as main indication. Group injection
florfenicol after birth was recorded in one herd. In this study, the main indication for o
was pegtang E. coli infections, whereas amoxicillin was mainly administered as a [
against streptococcal infections. Resgsrataiglgipeasgnved velihelargcyrimethoprim
sulfadiazinevedldy tylosin and tilmicosin.

Tabl@ Antimicrobial classes orally and injectable administered as group treatmen

between birth and slaughter age, in 50 Belj@sedlpsgtiendsqmer age category for diffe
indications.

FARROWI[N&68) NURSERY 118)
% of us Antimicrobial clz % of usf
L Antimi ial cld . y
Indication ntimicrobial €4 class g |ngication Number of treatm C 2SS Pé
Number of treatm age gro| age gro
Cephalosporin; ™S
Phalosp 19.1 6.8
13 8
. Broaspectrum pen| ) Macrolides
Birth sspectrum pen| 16.2 Coughing ! 5.1
11 6
Fl inol Tet clines
uoroguinolon 15 etracy 43
1 5
Cephalosporin; Polymyxins
Phalosp 19.1 ymy 32.5
13 38
.| B t ' Broashectrum pen
Castratior] roagpectrum pen| 13.2 aspectrum p 4.3
9 5
M li ) Li id
acrolides 24 Diarrhead incosamides 26
5 3
™S
Macrolides 2 1.7
Coughin 10.3
ghing 7 LS
1.7
2

96



ANTIMICROBIAL USE IN BELGIAN FATTENING PIG HERDS CHAPTER 3

T™S Macrolides
1.5 0.9
1 1
Cephalosporin 0.9
Cephalosporin s 1 '
_ 1 ' Lincosamides
Diarrheag 5 1.7
Polymyxins Aminoglycoside
ymyx 15 MOGYEOSIEE 0.9
1 1
Broagpectrum peni 59 Oedema Polymyxins 17
Streptococt 4 ' disease 2 '
infections Macrolides 15 (Escherich| Broaspectrum pen 0.9
1 ' col) 1 '
Tetracyclines 26
. Cephal in 3
Toothcuttif P aooPO g g AR
1 Broaspectrum pen
0.9
1
Bro
agpectrum pen 274
32
Streptococt Polymyxins 26
infections 3 '
T™MS
1.7
2
GROWHR= 17) FINISHER: 3)
o _ % of us o _ % of us(
Indication Antimicrobial cli -|ass B Indication Antimicrobial ¢l 555 Dd
Number of treatm age gro| Number of treatm age gro
Tetracyclines
Yy 353 T™S 333
6 1
: T™MS
Coughing 4 23.5 APP
Phenicols
Macrolides 33.3
23.5 1
4
Diarrheae Polymyxins 59 Coughing Macrolides 33.3
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1 1
T li
APP etracyclines 59
1
Streptococq Broaspectrum pen 5.9
infections 1

#Farrowing, from birth until weaning between 21 and 28 days of age.
°Nurserfyom weaning age until 70 days of age.

“Grower, from 70 until 126 days of age.

Finisher, from 126 days of age until slaughter.

°*TMS, trimethsylfadiazine.

LS, lincormsmérttinomycin.

9AR, Atrophic Rhinitis.

" APRActinobacillus pleuropneumoniae
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DISCUSSION

Methodology

In intensive livestock production such as pig, veal aadtimpdocriblyiajsoaectmiten
administered on a regular basis by the farmer himself upon advice and receipt of the
by the herd veterinarian (Dunlop et al., 1998). Therefore, pig farmers play a crucial
of antimabials to pigs. As a result, valid data on the actual dose and treatment dura
group treatment can be obtained directly from the farmer (Chauvin et al., 2008).

Yet, the collection of retrospective data based onrameinteayide withj¢lot ttarecall and
I ntervention bias. Recal |l errors may
(Vrijheid et al., 2006). In this study, systematic external validation, such as prescrip
forms, ieanot readily available. However prothietsivetpagppuse of antimicrodials is t
most important waycobl@atiaaministration (Schwarz et al., 2001; Regula €t al., 2009
treatments are mostly standartdizaddréesretre well known by the farmer and so less
recall bias. This methodology would not work for the collection of data on incider
antimicrobials since these are likely very prone to recaly beesssn Whig in thes [stimalyr
data collection wasires(staadardized) gtoegiresets. If accidentally recall bias occurret
most likely led to an watderestithe grougntemebial use. Intervention bias could ha
occurrg@da farmer had elected to deliberately misstate treatment data. This was a\
possible by guaranteeing confidentiality of the individual herd data. Besides, obser
results from 2003 are likely real as B®adthdrsifindan challenges to confront.

5H

A different response rate was found between 2003 and 2010 (60% and 38% respon
respectively) (Timmerman et al., 2006). Theebpredenasteari noainly be attributed to |
higheumber of farmers which had stopped their activities since the latest update of tl
(25 farmers had stopped their activities in 2010 whereas only 3 in 2003). This is
decreasing number of pig herds foundrinuteralatemslisiin Belgium between 2009 ant
(Landbouwtelling, 208t disadvantageous economic situation could be a reason f
number of farmers which have stopped their activities. Thus this hégleerasaa respon
increased resistance of the farmers to cooperate but rather as a result of the not fully
database. Therefore, this lower response rate is believed not to influence an adeq
results between 20 ahbbver, since data cobéatrnadvasegactly the same way, it
can be assumed that the biases are similar. Therefore, observed differences are likel
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In interpreting antinsadalbgalthe unit of measurement iserottataiinent incidences (Tl)
based on the Defined Daily Dose (DDD) and the animal daily dose (ADD) as desc
(WHO, 2003) and veterinarian antimicrobial use (Jensen et al., 2004; Timmerman e
al., 2012) ig@ropriate way to express the selection pressure exerted by the admini
drugs for time at risk and average weight of the pigs at time of treatment.

The repeated performance of surveillance studies are restriceattl icdoératumgber of
herds. As a result, well established surveillance programs using sources such as fes
veterinarians are imperative. Yet, only few countries have well established surveillat
MARAN). Recentlyiuim,BkeE first national antimicrobial consumption report in food an
published (Be88¢e2011). The reported data consist of all veterinary antimicrobials sol
or pharmacist in Belgium for the years 20074t 20@8 adodirZ8 9e Stits inShe BelVet
report are still crude and do not give any details on animal species, indications, ct
individual herd usages, number of treatments attributed to an animal dexing its life ¢
the collection of more detailéel andatspkesiesdata implies the collection of data direc
the end user level. Countries such as Denmark, have organized structures which fa
antimicrobsgpatternsthe individual herd level (Vieira et al., 2010). In Belgium, plans
comparable system are currently studied, however it will probably take some more !
will be fully operational. In this understandiradivkeecuvergt\stlichble information on spe
and herd specific data.

Antimicrobial drug consumption

In 2003, six out of the 50 herds (12%) did not administer antimicrobials in group (Tin
the present study, antimicrobidieimsteradtim group in only one herd (2%) (Fig. 1). A
(Timmerman et al., 2006) large between herd variation exists which fattening pigs
These differences may be related to herd differences in diseasashandence, mat
biosecurity as well as differences in farmer and veterinarian attitudes (Hybschma
thorough studies are needed to identify the influencing factors.

The averaggpddnd Jdopin 2010 (235.8 and 200.7 respectively) were higher than th
(178.1 and 1&8p&ctively). The higbgehusegs reflected in an increased number of pro
group treatments whereas a drastic decrease of the poytiprireatmetafsh{Tao6)i to the

total number of group treatments (prophylactic and metaphylactic) is observed since
and 56% prophylactic) (Timmerman et al., 2006). The high number of prophylactic g
agreement t h t he ~ Good Agriculture Practic
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of the United Nations (FAO, 2003). GAP refer to a-timanapzationsé tfeanomicrobials
and highlight a reduction of infectiontemadsdiégasgantion. Yet, they refer to preventio
vaccination programs, proper management and housing, good hygiene standards
cleaning and disinfection, etc. Moreover, appropriate veterinary advideesltbrder to a
problems is set as an example in both the GAP principles and the Good Veterinary
2002).

Taking into account the suggested guidelines by several institutions on restricted the
treatments, idemiéyiragisal pathogen and appropriate dosing, it can be stated basec
study that the guidelines for prudent use are currently not implemented in pig produ
study 93% of the group treatments were for remetive obmderaxlaamnistered for thes
reasons often lack a precise diagnosis. Althtugiddte jestficatiwellfor the repeated use
prophylactic group tréatmergsoften consider the prophylactic use of ahtimeicrobials, i
associated high cost, as a necessity to achieve less disease, lower mortality and b
Moreover pig production is rapidly evolving into a highly organized production syst
management procedures adeusegiavent production losses. In this type of highly
production, standard prophylactic therapies are easier and less labor intensive to imy
clinically diseased animals and after losses have ocaioed\Veeteeddrgerdbamethose
in 2003 (216 and 289 sows in 2003 and 2010 respectively, 1250 and 1420 fattening
respectively). A yearly increase in the number of pigs per herd is confirmed by the na
in Belgiuevaluating changes in herd size (Landbouwtelling, 2009). It could be assun
size includes a greater risk of transmission of pathogens within herds resulting into a
Yet, Danish and Dutch studies répadess thghrey associated with smaller herds (Vieit
2010; Poortwachter, 2010). On the other hand, compared with small herds, large her
adopt management and housing practices decreasing this eskf(Eardrigelgiuah, 2002)
nordapted herd management for an increased number of pigs per herd could be a
ina@ased antimicrobievgilmep Pharmaceutical companies serve more and more as
disease managementthimlgrdvision of antimicrobial agents and vaccines. A recent ¢
that in Belgium, on average, 43% of the income of pig veterinarians results from tt
including vaccines, antimicrobials and other drugs (Maesvetaald &(i6).pdlewt
antimicrobial substances, like long acting critically important compounds (tulathrom
offer advantages to the farmer and as a result are easily introduced. These new sub:
reason B ineased antimicrobigvglae in food producing animals. Although most
antimicrobials used in 2003, are currently still in use, a substantial shift in the relative
commonly used antimicrobials andtratie ofesds@ars In particular the oral group tree
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with doxycycline and pofenaatetesytrimethibpamides) appeared to have been repla
by long acting injectable group treatments. The introductionrofdatimisinta KOG actir
could explain the current higher use, as farmers see practical advantage in a single
repeated administration of short acting formulations. The contribution of 3rd
cephalosporins to gineuptadedication increased from 0.1% in 2003 to 5.3% in 2010. Tt
for injectable amoxicillin and ampicillin. In 2003, 1.8% of all injectable amoxicilli
administered as a short acting formulation in caiitrest tf 2@&He edmepounds was in lor
acting form. Similarly, the overall use of macrolides (tulathromycin, tylosin and tilr
(proportionabdgquals 5.5% and 13.4% respectively in 2003 and 2010), in particular
introduced long acting tulathromycin in 2004. A slight decrease in use was seen fol
use of tylosin, having the same spectrum as tilmicosin (Prescott, 2000), has increas
shortly after birth is often pEmiobmadan with tulathromycin in a single injection, mainly
reduced labor. The use of fluoroquinolones was lower compgapgig tallA0{E (gotgportion
antimicrobials equals 6.5% and 0.4% respectively g0 aotRAhEnidiexacin and
marbofloxacine could interfere with the choice for this large spectrum antimicrobial.

An indication of the appropriateness of dosing of individual antimicrobials was obt:
distribution of the UaBdaMDmmerman et al., 2006). In accordance with results from .
antimicrobials were generally oygkdyed @)Dibhereas orally administered group trea
were generally underdggedigdDB). Shbrapeutised can lead to a lack admdficiency

iIn some cases, may increase antimicrobial resistanthg Relgtindietine2008psing and
the selection and spread of antimicrobial resistance hafDvesansiud@By&ipisken
and Cars, 200@)general conclusion can be drawn on the impact of different dose
resistance selection and spread as this is complicated by different resistance meche
results betviremiandn vivsiudies (Smith et al., 2003; Roberts et al., 2008). Yet, for
stepwise resisteare e.g. ifltloroqoims| the use of antibiotic comcmtratioagain
range has been s howo cause afcansiderable iarspbfication ef
resistant subpopulation (Tam®teafin@dEj/hat many of the administered doses differ
recommended dose is consistent with a study in Switzerland on presatipgon patterr
(Regula et al., 2009) and a study on antimicrobials described in pig feed in Germ;
2006). Reasons fmmmiance of prescription doses could be: misevaluation of the
moment of administration (Timme6&pantenh@bnaverdosing to aim at less disease 0
precision of dosing.
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Another guideline suggests the selection of an appropriate antimicrobial, basec
antimicrobials of first, second or third choice (v@3)uykdaseatos. Gaod Veterinary
Practices (FVE, 2002). Both refer to the choice of an antimicrobial with a spectrum a
the use of critically important antimicrobials only in single animals for a limited nun
when other antimicrobials would fail based on susceptibility teg@ogrutbargely
antimicrobials recorded in this study were aminopenicillins, 3rd and 4th gener
tulathromycin, trimstitfaplieine and doxytsclicetically important antimicrobials w
extensively adactdm antimicrobials, 3rd and 4th generation cephalosporins and maci
classification of critically important antimicrobials serves as a factor riskguiding de
management strategies for antimicrobial use in food animals and agriculture (Coll
number of antimicrobials classified as either critically or highly important for human |
the reduction of use shouddibedeamphbe set as the major objectivmngraeréal a well

choice of antimicrobial agent when use is required.

The higher use of group treatments in suckling pigs and weaners compared to grow
has also been repostether tstudies. The MARAN report (2009) published data assum
antimicrobial treatments are administered to pigs younger than 74 days of age (a
fattening unit). This higher use can be explained by treaapphtatiarinéarome points
and key intervals, such as castration and weaning. At these time points, it is often ex|
pigs will become diseased shortly after (Schwarz et al., 2001). Besides, most
adminisd to prevent pigs from getting ill during fattening period and less during the s
nursepgriods.

Although the use of antimicrobial growth promoting antibiotics is banned in Europe
antimicrobials in foodgeodonals is continued under the pretext of treatment, control c
infectious diseases but may still be driven by the hope of better production results.
efficiency of antimicrobials, any prophylactenysknatady theariy defined situations, sht
be phased out. Some European countries like Denmark, Sweden and the Netherlan
Cogliani et al., 2011) are pioneer in the prudent use of antimicrobialstiasuey prohib
of antimicrobials.

These results clearly show that the need for clear infasmgtandaboedwctroecof group
level prophylactic antimicrobial use, stated as a conclusion on the results obtained
answerexer since. Herd veterinarians, pharmaceutical companies, farmers and othel
responsibility in the prudent use of antimicrobials in pig and other animal production
the implementation of the guidelaesniocrphidiemse.
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CONCLUSIONS

The guidelines for prudent use of antimicrobials are not yet implemented in Belgium.
prophylactic antimicrdeia|gharppy was recorded in 2010 compared to 2003. This shi
by agstial yet substantial replacement of older, orally administered compounds by ne
products. This evolution warrants an assessment of antimicrobial resistance tren
pathogenic bacteria. Critically impaatario dntmaorand veterinarian medicine were usi
regular basis and 82% of the administered doses were incorrect, with large between
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ABSTRACT

Streptococcusssilisias often been reported as an important swine pathogen and is ¢
new emerging zoonotic agent. Consequently, it is important to be informed on its sus
agents. In the current study, the Minimum laohifNI§) Qopcdaticat distribution of nir
antimicrobial agents has been deteSwnetrionsiasalated from healthy pigs at the en
the fattening period from 50 closed or semiclosed pig herds. The aim okthe study v
based on both clinical breakpoints (clinical resistance perceriffige)laas-@tiemiologic
type percentageyildyme percentages were high for tetracycline (98%), lincomycin (€
(72%), erythromycin (7086K%yloaimd low for florfenicol (0%) and enrofloxacin (0.3¢
resistance percentages were high for tetracycline (95%), erythromycin (66%), tylo
florfenicol (0.3%) and enrofloxacin (0.3%). For tiamutieakpowvhishawailelme;ed 96 of
the isolates did not belongtypeheomlthtlomcal resistance avilttyyme percentages
differed substantially for penicillin. Onl{ 18usfaims twakedonsidered as clinically resist
whereas 47% of the strains showed acquired resistanceoffheal ugsideeneloggchllout
conclusion, MIC values for penicillin are gradually increasing, compared to previou
infected with strains showing higstt Mipsndatp treatment with penicillin. The high
acquired resistance against tiamulin has not been reported before. Results from this
that the use of different interpretive

criteria contributes to thdi#atentes in reported antimicrobial resistance results. The €
of small changes in the MIC population distribution of isolates, while clinical failure n
provides the opportunity to implement appropstgesisk management
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INTRODUCTION

StreptococcuqSsusg)iss an important swine pathogen affecting pigs of different ag
susceptibility to the disease decreases with age after weaning (Amass et al., 1996;
known to cause meningitis, arthritis, septiceyserosiotaatithppobumonia, and abort
(Higgins and Gottschalk, 1990; Amass et al., 1996, Staats et al., 1997) but can alst
respiratory, alimentary, and urogenital tract of healthy pigs (Amas$Ssushad996; Han
also been implicated in disease in humans, especially among people in close cont:
(Ma et al., 2008; Gottschalk et al., 281Quiddsrezmantly been reported as an emerg
zoonotic pathogen evidenceddsygaef@uttaeaks oSsesueg@demics in Asia (Ye et al.,
2006; Yu et al., 2006; Mai et al., 2008). The most frequently applied treaBnent for pig
suisnfection is feed medication with antimicrobcdpgepactroytentycibhires (Gottschalk et al
1991; Timmerman et al., 2006; Callens et al., 2012). Currently, no effective commel
Prevention is based on the optimization of management, autogenous vaccines, an
administration of antimicrobial agents at periods with the highest risk, for example, v
al., 2004; Wisselink et al., 2006). High levels of resistance to tetracyclines (Kataoka
2001), macrolides, sardiliesqMartel et al., 2001) have been reported.

Different methods are often applied for interpreting the results of antimicrobial susc
studies, clinical breakpoints have been used resulting in the catdgeszation of t
susceptible, intermediate, or resistant against the tested antimicrobials (clinical resis
use of clinical interpretive criteria may be sufficient from the point of view of the clir
antimicrobiectedf the drug in the patient at the prescribed dose (Dudley and Ambros
al., 2008; Turnidge and Paterson, 2008). However, these breakpoints can vary o
countries (Kahlmeter et al., 2003), making confieagisbrstubetsveard divolution of
antimicrobial resistance Ratwrssentime hard. Moreover, this categorization preclt
detection of small changes in the population distribution that may indicate the acqu
mechamis of which the clinical implications are not yet clear, as has been noted for
Gramegative bacteria (de Jong et al., 2012). For such changes to bdfna@tioed, epiden
are very valuable. Toiésalogts asedan the differentiation betwgenahd thiédnon
wildype population (Kahlmeter et al., 2083 ERICAHIL) 2Uhey enable to detect strains
a decreased susceptibility, which are isolates with MinimyMIDsjliitatyaéomicentration:
type, but less than or equal to the susceptible clinical breakpoint (CLSI, 2011; Simje
only few studies report resistance results as MIC population distributions, nece
epidemiologiedf galues. Fifallyisom diseased animals have been téStdohamoet often
al., 1995; Marie et al., 2002; Wisselih&rgt alifs2@06lnically healthy animals. This col
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leado biased results, since isolates dromatsseapeesent a different gofigEgoet

al., 2004nd since they havmeefteexposed to an antimicrobial selectidreforessure shc
sampli(fglley et al., 2011).

This study aimed to report the levelSf sesstaresefiom clinically healthy fattening pic
slaughtage. Resistance percentages were calculatedlirbeskdreakpmtiis and
epidemiologiedf gatues.

MATERIALS AND METHODS

Study design, sample, and data collection

For the isolat®nsgigasal swabs were taken from cfetiteadigdheajthfrom 50 different pig
herds in Belgium. A list of 140 pig herds that fulfilled the selection criteria were ranc
Belgian fammal ideniticaand registd#ttabasgagitigs, 2003 hesampling frame
consisted of alKfz#imdsla herds that used a clesdedent payduction system and held at le
150 sows and 600 fattening pigs. The sample was=s&atibiexbostipratitceh@rnumber of
pig herds per province. A random selection was peHpnerdtaditigtd Camerdar 1999).
All selected herds were contacted by telephone and the first 50 herds that were wil
studwere visited between January and October 2010.

The pigs were sampled ~ 2 weeks before the slaughter age. The average age of t
(minimum 156 days; maximum 220 days). In each herd, 20 fattening pigs were randc

Bacterial imwla

Svabs were plated on Columbia agar plates with 5% defibrinated sheep blood, sur
and nalidixic acid (CNA,; Oxoid, Basingstoke, United Kingdom) within 24 hr after cc
35°C in a 5%e0izhed atmospBdrhrfdColonies showhegnallyksa were purified for further
identification (Aarestrup et al., 1998; Lun et al., 2007). Isolates showing a positiv
negative catalase reaction, and a #¥gakaaerdgsewere cobsifesefsiggins and
Gottschalk, 1990; Aarestrup et al., 1998; Han et al., 2001). The id@nstyisof 28 ran
isolates was confirmed by sequencing the 16s rRNA gene as describedutefore (Ba
isolates were stoB&t@tuntil antimicrobial susceptibility testing.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed on all isolates using the agar dilut
the standardized methedsbyetbeiBlinical and Laboratory Standards Institute (CLSI, 2
were prepared suspending colonies in sterile 0.9% NaCl to a turbidity equivalent c
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diluted 1/10. Using a Steers inoculum applicator, théatesjpensie idwilene inagar

(BBL; Cockeysville, MD) supplemented with 5% sheep blood and containing doublin
from 0.03 pg/ml to 128 pg/ml of the following antimicrobial agents: enrofloxacin, e
lincommip, penicillin, tetracycline, tiamulin, tilmicosin, and tylosin. The plates were inc
CQenriched atmosphere for 24 hr. The MIC was defined as the lowest concentratio
growtlBtaphylococcus ATI€Us 29 A3mcoccus faeBdlidC 29212 Saegtococcus
pneumoAd€EC_ 49619 were included as quality control (QC) strains. Interpretation of
done using both clinical breakpoints (CLSI, 2013) and epidemiologieadimterpretativ
Paterson, 2007).

For lincomycin, tiamulin, tilmicosin, and tylosin, nS. dinscal/biledkp ¢Cit by 2013). For
florfenicol and tetracycline, the clinical breakpoint for swine r&EBratiay usselse cau
(CLS2013). For erythromycin and penicillin, clinical breakpoints were used, as descri
Laboratory Standards Institute (CLSI) for veterinary pathogens, but which were base
human Streptococci (CLSI, 20&p)d&moéogiofll vaiues are availabkifmmm the
European Committee on Antimicrobial Suscepjibdity(EICrAESIBIe2@E was assumel
when MIC values showed a bimodal or multimodal distributRO08D taitjnet @utaye et
2008 Isolates in the higher range of MICs were consideredtyjot joopelatigrioRbe wilc
antimicrobials for which no clear bimodal distribution was present, ECV were used ¢
study carried dé Baine laboratory using identical test conditions. This was done f
antimicrobials: penicillin, tilmicosin, erythromycin, lincomycin, tiamulin, and tetracycl
The MIC50 and MIC90 were calculated amelsprds€raed/theniat least 50% and 90% of
isolates in a test population are inhibited, respectively.

RESULTS

In the current Stusiyigas recovered in 33.2% of all nasal samples (332/1000). The nur
obtained per herd was riobonzid; digh on average, 6.6 isolates recovered from one he
number of isolates per herd equaled 5 isolates; maximum equaled 8 isolates; mediar
MIC values of 10 antimicrobial agents wereSietarsalasd itt33humBesois

isolates showed poor growth under the prescribed conditions, as has been observec
2006) and their MIC could not be determined. Therefore, in this report, MIC data h:
variable hem®. suisolates (Table 1). The MIC values for QC strains were within the
ranges when available (CLSI, 2013). For linG&nayceAIBT shaRisE afmkbcalis
ATCC_29212 had similar MIC values as descetbeld a98fr Vaienet al., 2002).
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In table 1, the MIC distributionSosaisdéseslis shown. A bimodal distribution was se
enrofloxacin. A monomodal distribution was seen for florfenicol. Forgoenieiteh, a distr
higher MIC values was noted. No clear bimodal distribution was seen for erythrom:
tilmicosin, tiamulin, and tetracycline.

In table 2, the clinical breakpoints (CLSI, 2013) and the ECV for thardiffaemb antimicl
Based upon clinical breakpoints, percentage of susceptible Sintersragistarand resis
shown. By based upon ECV, % of wilavtidypastiaias are presented.

No or very low percentages ofradmiearectstad against enrofloxacin (0.3%), florfenic
and penicillin (1%). High 1esistgriuglpercentages were observed against erythromyc
tetracycline (95%).

Using the ECV, low percentagiypefisaatesseereto enrofloxacin and florfenicol (0.3%
0%, respectively). Acquired resistance was observed for -peidigiéngpletesreggalsf nor
47%), tiamulin (57%), erythromycin (/®P%), tyddsoy(tiGe (98%), tilmiaondin (72%),
lincomycin (92%).
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Table Minimum Inhibitory Concentration (M8Degitsidbotiasdiaies obtained from clinically healthy fattening pigesad Gfigclosed o
herds.

Antimicrobial ac Number of strains witdyml)C | Number of isolates te

#.03 0.0€ 0.1z 02205 1 2 4 8 16 32 64 128 >12¢

Erythromycir 24 40 33 8 6 8 7 16 22 9 7 2 8 136 326
Lincomycin 2 O 3 6 3 9 24 11 10 3 ¢ 7 7 214 306
Tylosin 3 6 1 1 27 63 8 2 3 1 1 4 13 197 330
Tilmicosin 6 O O 1 2 13 15 20 9 15 9 14 10 174 288
Tiamulin 3 1 5 9 12 25 57 30 10 16 33 34 43 54 332
Tetracycline O O 4 2 4 5 9 6 19 40 115112 14 O 330
Penicillin 22 32 48 71 8 54 13 1 2 O O O O O 329
Florfenicol 0 O 2 O 11 97 228 2 1 O O O O O 331
Enrofloxacin 1 9 22 12912217 0 O 1 O O O O O 301
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Table Rlinimum Inhibitory Concentrations (MIC) clinical breakpoints {ZBR) el (EQNg rafdl@gardinidrobist @gentsim suis
isolates obtained from clinitatgniegipiys on 50 closddsmdspigiherds. The percentage of resistant (%R), intermediate (1%) ar

strains is provided based on clinical breakpoints.
The percentage of wild type Mild )tyaoel fidiii) is provided based on epidefhivddggsal cut

Antimicrobig Epldemlol.ogl.cal Interpr Clinical Interpretive Criteria

agent Criteria

ECV | Wild tfp Nt‘;*:)‘lg'd CBP %R | %l %S | M  MIE
% % S I R

Erythromyci| 0.12 30 70 0.25 0.5 1 66 2 32 16 >128
Lincomycin| 1 8 92 - - - - - - >128  >128
Tylosin 24 | 3ma | %7 . - - - - - >128  >128
Tilmicosth 16 23 72 - - - - - >128 >128
Tiamutin 4 43 57 - - - - - - 32 >128
Tetracycfing 0.25 2 98 0.5 1 2 95 2 3 64 128
Peniciltin 0.25 53 47 0.12 022 4 1 68 31 0.5 2
Florfenicol 8 100 0 2 4 8 0.3 0.6 99.1 4 4
Enrofloxaciy 1| 997 | 03 05 1 2 | 03 | 56 | 94 0.5

2Wild type describes isolates with minimal inhibitory concentratiorsfhelbve @pdlmiological cut

Nosvild type describes isolates with minimal inhibitory concentrationstabaleokiéTepigémiplogical cut

°Clinical breakpoints were obtained from Clinical and Laboratory Standards Institute: Staadamtid@el 8t RedikaBnFdsceptible,
eg/ml < | sgfiml; &Z:g/ml)

4 MIgand Miare the lowest MIC at which at least 50% and 90% of the isolates in a test population are inhibited in their grow
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"For lincomyecin, tiamulin, tilmicosin and tylosin, no clinical breakpoint is available (CLSI, 2012)
YEpidemiologicHdf catue wasdan study from Mhb(BE kt)
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DISCUSSION

The choice of the epidemaffogadad chased distithetion betweentype arid the non
wildype population within a bacterial population, should be fixed for one antimicrobial
species, independentbfetiver, given thgpeiMIC distributions of bacteria of human
animal origin coincide, the savgeapmi®madlie can be used for monitoring resistan
humans and in different animals (Aarestrup et al., 2007). Yet, discrepancies k
susceptibility test protocols may result in the establishment akaffdiiiére ridetpidemiolog
studies within one bacterial species for one antimicrobial agent (Butaye et al., 19¢
Nevertheless, the preferred method for reporting MIC results is to present all data
containing thetitpieve data (Watts and Lindeman, 2006) to allow the reader to intery
changing interpretive criteria over time (clinically or epidemiologically).

The high percentagewillfype suisolates for erythromycin, lincomycin, tilmicosin, tylc
tetracycline are in accordance with other studiesofepamildgpeer censatpss for
macrolides, lincosamides, an@Meirtattimes2001; Wisselhikipespite differences in
interpretive criteria (clinicalobrepikieomddo gictilvaltes), susceptibility testing methods |
diffusion, microdilution, and agar dilution), sampled animals (clinically healthy or ¢
fattening pigs), and geographical location, there seems to be a similarity concerr
resistance percentages, when available, andvpktypetagssisdlates for those
antimicrobials, which in some studieppuaied deethe identification of genotypic resi
mechanigidiartel et al.,, 2001; Princivalli &t dhe 28083. included in the current stuc
macrolides were frequently used during thestppwiitpidets et al., BE)s
encoding cross resistance to macrolides, lincosamides, and strepto@asuis B are wi
isolaté¢Mlartel et al., 2@04)result, the administration of macrolides may select for resi:
these antimicr8mailaritiesween the current study results and others have equally beel
lowesistance percentages agai(\atiskefmkicl al. apd0&)rofloXmtantel et al., 2001;
Wisselink et al., 2006).

For tiamulin, a high per&nsageadés did not belong totythe pdgulation, defined as

having a Mig4amg/ml, demonstrating acquired resistance in these isolates against
tiamulin, no clinical breakpoints &8e sumikeleidemiologital/alutes do not necessarily

predict how a patient will respond to therapy. However, for 49% of the isolates, the
between 32 and > 128 mg/ml, being at least 8 to more than 32 times higher than for
wildyp population. Although it has not yet been tested, the likelihood that pigs in
demonstrating the higher MIC values of tiamulin will respond well to treatment with
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considered to be low (Silley et alak@tibpn Bbtiamulin reSistarsoaites, Zhang et al.
(2008) used the clinical breakpoint reportedAoyirObatdg@1 8xdsmg respiratory tract
disease in pigs (32 mg/ml) and reported that 34.4% dftameirAkblatgs Wesechescal
breakpoint cannot be extrapolated as such to other bacterial species or disease col
2010), the percentage of isolates@&hregMhilGvals clearly higher in this study. Also ba
MIC deterations fiensuisolates recovered between 1999 and 2000 from clinically di
carried out in the same laboratory using identical test conditions (Martets et al., 200:
higher MIC values was observed irsémpkddyigs Hieom this study did not receive tiam
prophylactic or metaphylactic reasons (Callens et al., 2012). Yet, the use of tian
antimicrobial agentBagema&@pp. amdycoplasma hyopnenfacimas is coamdon
cannot be ruled out for this study.

Broaspectrum penicillins were the most frequently used antimicrobial class in pigs
described in a former study conducted in the same pig herds (Callens et al., 2012)
brelgoint for penicillin (CLSI, 2013) inttheesiladgoaldybe categorized as resistant. Ye
when considetatgdsmith MICs beyontypleecutiidalue, a high number of isolates showe
decreased susceptibility. Penicillin resistance in streptococci is the result of the ¢
mutations in genes encoding penicillin binding proteins (Aapestruptetealre 20G7). A sin
in isolates with a modest increase in MIC, and infections due to these isolates ma
penicillins, but they are of great concern as they represent an introductory step to
2007). Isolates shgivangdiues of MICs are associated with additional mutations and
to therapy failure (Chambers, 1999). Additionally, these mutations{actaselected b
antimicrobials (Chambé&s,al899)lt, reporting a decepabditysbased on epidemiologica
cubff values is important as it can act as an early warning for an emerging clinical pri
2007; Silley et al., 2011).
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CONCLUSIONS

The current sti&lysaisolates from healthy carrier pigs confirms the high level of acquir
macrolides, lincosamides, and tetracycline. MIC values for penicillin are gradually |
previous reports (Martel et al., 2001), asShanbesosa@mans, althmsginfected

with strains showing highestild§somayo treatment with this antibioo€atqaeitagh rate
resistance against tiamulin has ndidfeen reported
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CHAPTER 5
CLINICRESISTARQAD DECREASED SUSCEPTIE
INESCHERICHIA COLI
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ABSTRACT

Objectivebo improve antimicrobial surveillance accuracy for results obtained by
technique for pBsmherichiabgolcomparing traditional clinical breakpoint interpretatio
Normalized Resistance Interpretation (NRI) method.

Method$he susceptibili@@dEof colsolatdsom clinically healthy pigs at slagjhter age
determined for 15 antibyidrabiqidy Blakediffusion technique. NRI with previously este
optimal controlled parameteld @L25922 was used to reconstruct the fully susceptible
of the tedtedosiolatead®d on a lower limit for susceptibility, set at 2.5 standard deviat
mean of the reconstructed susceptible populatiold, tyyeep@Ceraageoipe isolates

was comparetha/lercentage of clinical resistsined ay tetditional breakpoints to categc
strains sissceptible, intermediate or resistant

Result$he NRI method was applicable for 11 out of the 15 antimicrobials tested. An
nonormal distribution of inhibitithre zuoy@ddoon of susceptible isolates was seen, cou
used to reconstruct the susceptible population and had to be disCimledl from the
breakpoints much lower than theaépifievainies (ECV) resulted intelyrdsuatiiping
isolates as clinically susceptible, but likely carrying acquir€dnrédsesiathes daterminar
dinical breakpoints did cut through the WT population for several antibiotics tested, ¢
the WT populas not susceptible.

ConclusidtRl was shown to be a valid method to define the WT population for disk
provided a normal distribution of the susceptible bacterial species population is pre
harmonization of breakpoints is achievask tonaighidgi application in monitoring antimi
resistance in veterinary medicine.
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INTRODUCTION

Escherichia (Eolcdliis internationally used-negaBvamndicator organism for resistar
surveillance (Wray and Gnanou, 2000) and included in large scale monitoring stuc
supranational level (Hendriksen et Bl,,22008; BWSRAand ECDC, 2015). In addition,
microbiological laboratories often have access to a hist&ricabdatmeicdalbéddank of
susceptibility test results. FEO@0Othenwidrds, resi&anaé increasingly reysomted
minimum inhibitory concentrations (MIC) distributions, obtained from dilution met
breakpoints and/or epidermofflogibtatsO§fire appliEdifish Food Safety Authority, 2011
DANMAP, 2013; Chantziaras @DBPEFOIA, 2014; MARAN, 2014). However, the pre
more commonly used disk diffusion method is still generally applied as a method of ¢
testing in routine microbiology testing (Matuschek et atuzdid Jaridiaedaidiera@thod,
technically easy to perform with a relatively low cost which allows large number o
(Matuschek et al.Y2@ldifferences in the standardization of the methodology over tin
laboratorgssyell as differences between recommended clinical breakpoints result in a
between the test results of disk diffusion assays. Potentially valuable data collected
is hence precluded from resistamecstedie®i(@illey et al., 2011). The variations in disl
potency and in bhieatadomisr time, between countries, animals and organs can be circ
analysing the population distribution by thieh&€eVaifealvadindieiferentiation between
the wild type (WT) anditdeypavWar) population, are fixed for a ceamiimibarcteialim
agent combination, and make the detection of even small susceptibility changes i
populatiossfie (Kahlmeter et al.,, 2003; EUCAST, 2015; CLSI, 2011). ECVs are ¢
European Committee on Antimicrobial SscEpABili)yfdreatinigmary public health reley
selection of baetetibiotic combinations (EUCQAIRE,&xEs)cd of an ECV, one might def
the WT andWidrpopulations based on the examination of the observed outcome d
available study population. The emergence of resistance may evoke an unclear tra
and ndTpopulations, which makes the determination of the ECV sometimes difficult
by disk diffusion techniques as well
2007). Whereas disk diffusion techniqueseméigtiom gradient of an antimicrobial a
throughout an agar medium, dilution techniqueslcetiilotiodsfioiestawdard antimicrobis
concentrations. The latter is therefore more discriminatory and reproducible.

For disk diffusioltsrthe normalized resistance interpretation (NRI) method has been d
medicine as an objective method to define the WT population in a bacterial collectior
subpopulation of isolates with decreatedushissteptilstiigins with decreased inhibition
diameters) (Joneberg et al., 2003; Kronvall, 2010). The method uses the high zone
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peak in a zone diameter histogram as an internal calibrator to congiomcbthe real s
susceptible isolates (Kronvall et al., 2003a). Therefore, it has made comparisons pc
population distributions despite discrepancies in methodology over time and betwe
(Kronvall, 2010).

For the first time, the NRI method was used on a dataset offEantatal|addatdtbbacteria,
clinically healthy pigs at slaughter age to deWWiE plopWali@mambdmho compare the obtai
results with the percdatadmeaiégorized as susceptible, intermediate or resistant ac
described clinical breakpoints.

MATERIALS AND METHODS

Study design, sample, and data collection

For the isolatiénagiiresh fecal samples were collected afteiroecteirstallyldtemithy
fattening pigs from 50 Belgian herds. A list of 140 swine herds that fulfilled the sele
below, were randomly selected fromahenBeldemtifeation and registr&@emtdhtabase (
Pigs, 200bhe sampling frame (selection criteria) caotmsstdheirdd fhatowsed a closed
or sewlosed production system and held at least 150 sows and 600 fattening pig
stratified by province, proportional t@therdsmbepadpnce, only including the 5 provinc
of the 10) with a substantial pig breeding activity (covering 95% of pig breeding i
selection was performed usirgpaarataoitiist (Cameron, 1999). Allaelectethtiexdls w
by telephone and the first 50 herds that were willing to cooperate in the study were"
and October 2010.

The pigs were sampled approximately 2 weeks before the slaughter age. The aver:
182 daysiaimum 156 days; maximum 220 days). In each herd, 20 fattening pigs were

Isolation and identification

For the isolatBncofiaecal samples were inoculated on MacConkey agar plates (MacC
3; Oxoid Ltd.). Plates were incubated aerobically for 24h at 35°C = 2°C.Erom each c
colcolony was identified by means of positive ghnoestaaoal, Igatopeotiuction and abser
of BB production using Kligler Iron Agar (Oxoid Ltd.), indole production (Indole spot
and the absence of aesculin hydrolysis (Bile Aesculin Azide Agar; Oxoid Ltd.) (Caller

Aninicrobial susceptibility testing

For antimicrobial resistanc& poglilregkoibguer disk diffusion methodHumtorMiieller
agar was used for susceptibility testing of fifteen different antimicrobial agents. T
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Sandards Institute (CLSI) standards were followed for inoculum standardization, inc
internal quality control organisms (CLSI, 2013). Antimicrobial tabletg, @sed, includi
presented in tables Afeerdl8h obdlercubatmn35°C +,2AGibition zones were read and
Il nterpreted according to the manufact
clinical breakpoints, shown inElatakolatdewere categorized as susceptible, interme
resistant (Rosco, 2007).

Normalized Resistance Interpretation (NRI) method

Based upon the obtained inhibition zone diameters, a population distribution w
antimicrobial. Vesmahagiohthe distribditbnot allow fodidtaction between isolates with
acquired resistan@érjreomd W€ population. Therefore, the NRI method was used to c
standard distribution of susceptible isolatesesertbe pbssdigeprcarrying resistanc
determinants as previously described in detail by Kronvall et al. (2003a).

The method uses the wgorer teglon of the suscepiilale pdwliition zone hstogram
reconstruct the distributidyn safstepfildle population (Kronvall et al., 20&8ae The uppe
region groups the observations with the largest (=most susceptible) inhibition zol
assumed that this part of the distribution is not influeaogdabyumedoresestaecef it is
used to reconstruct the full susceptible populationzéoe thide ffshthenaidiistogram
distribution is analyzed by calculating the moving averages of the number of obsel
based oreatain window of observations going from the highest zone diameter values
By applying the moving average, the ruggedness of the histogram is evened o
determination of the peak position is facilitat&dhéoptinal, \2ibekav for determination of
moving average has previously been investigated for (exterc@DaRYP2antrel atrain
fouzone value average (e.g. 32 mm; 31mm; 30 mm; 29 mm), andEwegtctinsequently
study (Joneberg et al., 2003). When the moving average is starting to decrease tf
susceptible population is reached or even passed. Subsequently, the peak position i
the observed peak (peak.dequstor@atoNTCC25922 the optimal peak adjustment has
set at 2.5 for @doarvalue average (Joneberg et al., 2003) and was therefore used in
The next step in the NRI method is to calculate the .ot winsdaved es ceritag eifferent
zone values, from the highest zone values down to the peak position. The total numt
the susceptible population is defined to be twice the number of isolates for the uppe
peak (Kronvall, 2003a) (Fig. 1). Given the total number, the accumulated percentage
calculated. Assuming a normal distribution for the susceptible population in a histog
studies (Kronvall et al., d@fli) vheies of the accumulated percentages will form a
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against the zone diameter values (Fig. 2). The accumulated percentages were, thert
values by using an Excel function and plotted. Subsequdatbrmhiadxstyfittiegns of the
leastquared differences, is plotted. The slope and intercept of this line are equal to
the mean and standard deviation (SD) of the ideal normal distribution of the suscepti
aml SD have been shown earlier to describe histogram populations accurately (Kro
susceptible population is thereby defined and a lower limit for susceptibility can thel
the SD below the mean, e.g. hé @PdmeldWisolates with zone values lower than the
lower limit can be considered different from the normally distributddTsusc2ptible isol
SD limit will theoretically include 97.725% of the susceptibfethsofadanalzedllNRI
calculated distributions were used as estimates fafr ttiee [Mgproptiareniesthe observec
disk diffusion resuits.for SD to accept results of the NRI calculations have not yet
(Smith and Kronvall, 2014). In this study, highly deviating SD within all SD calculated
for the NRI method not being applicaldeotodhéadisk diff
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RESULTS
NRI

E. cafiolates were obtained from 921 of the 1000 faecal samples that were collected,
isolation success (9E.1¢ah fihis study.

Figure Djaepresents the inhibition zone diameter distribution forth&skntenicrobials te
isolatefieTnormalizedaiiRlated distnbagidiased aptmal peak adjustment set at 2.5, fc
a moving average basedzaméheaiaer and is shown as a line curve.

For chloramphenicol, enrofloxacin areddalci@diaprinmmetulted in erroneously wide norn
distributions. SD of the normalized distributions were deviant for these antibiotics (
chloramphenicol, enrofloxacin and trimethoprim, respectively) ¢barpanétiotids the Sl
used in the calculations (range between 1.0 and 3.2) (Table 1). An attempt to re
normalized distributions was done by shifting the 2.5 peak adjustment to 2. This r
distributions for dmmiaoipand trimethoprim, but provided no optimized distribution f
Moreover, a 2.5 to 2 shift decreased the appropriateness of NRI distribution of r
Chloramphenicol, enrofloxacin, nalidixic acid acdnsistetttoprim eaefre other in their
absence of a normal distribution of the population of susceptible isolates with a stee|
value side (Fig. 3e, f, j and 0) and highly varying SD when switching between the
adjusemt, whereas this was not the case for the other antibiotics tested (Table 1).
The use of the same optimal parameters through all the distributions has been empf
account the labspatfic methodology (Kronvall €t peak@@fpdtment of 2.5 was therefo
chosen and chloramphenicol, enrofloxacin, nalidixic acid and trimethoprim were d
calculations.
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Table Standard deviations (SD) of the maimdared dN&fibution applied to a bacte
collection of 921 porcine Eondtieagatak adjustment of 2 and 2.5 zone diameters.

AntibiotAMCAM APRCE CHLCENRFLOGEN KANNANE STRISUTETFTRI
Disk 30+P A F R O R A A L OP L A M
contesg5 30 40 3068 10 30 40 100 13(12C100 24(80 5.2
Peak
adjustn|2,6 2.41.7 1.91.8 17827 1.9 2.1 0.81.42.8 3.42.7 24
t=2
Peak
adjustn|2.8 2.41.5 1.914.1 44926 1.8 24 3.21.029 3.62.7 11.
t=25

AMC: amoxicillin/clavulanic acid; AMP: ampicillin; APRA: apramycin; CEF: ceftiofur;
ENRO: enrofloxacin;

FLOR: florfenicol; GENTA: gentamicin; KANA: kanamycine; NAL: nalidixic acid; N
streptomycin;

SUlsulfadiazine; TETRA: (oxy)tetracycline; TRIM: trimethoprim
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E. cdusceptibility based on clinical interpretive criteria and normalized interpretation

Highest percentages of clinical resistance (R+l) were seen for streptomycin (58.5
sulfadiazine (56.9%), and trimethoprim (49.5%). Moderate resistance was present &
and chloramphenicol (23.5%).clinwdevetsstdnce were seen for florfenicol (9.6%), nal
(4.9%), ceftiofur (3.1%), amoxicillin/clavulanic acid (3%), gentamicin (3%), neomycin
enrofloxacin (1.7%), and kanamycin (1,2%).

For amoxicillin/clavulaamapaniliy, ceftiofur and neomycin, a gap was gisgaht betwee
breakpoint for susceptthiégpidechiologidaff value ofrdo®nstructed distibthien
susceptible popHatiBa, b, d, k). For neomycin, ihi87&8alsdaeptible isolates accordit
to clinical interpretive criteria and 90.7% WT using normalized interpretation (Te
amoxicillin/clavulanic acid, ampicillin and ceftiofur, due to the low number of isola
di#rence between the percentage of susceptible isolates according to clinical inter,
using normalized interpretation (wasmesy SB8&H and 0.6%; Table 2).

For florfenicol, clinical breakpoints divided thepRatcaicsatethaV vV.0% and 2.5% of
WT isolates were classified aamiteesisthaterespectively (Fig 3g). The percentage of
iIsolates was then 90.4%, whereas according to NRI and a 2.5SD limit below the
drains equaled 98.4% (Table 1). A similar result was seen for sulfadiazine, with
interpreted as intermediate and 0.8% as resistant, whereas the NRI distribution inc
belonging to the WT population. Alsoifangentédinc of t he i sol at e
the normalized distribution indicates them as member of the WT population (Fig 3
overlapping populations were BeezdRrayvalues were shared bygitieedod thenleigh

zone side of both parts of the distribution.
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Table Percentages of wild type (WYl aypolen@vr) for EXcherichiasoddites, from

healthy pigs at slaughésedgen a lowerdifistahdard deviations (SD) beldwe the mean
percentage of susceptible (S), intermediate () and resistant (R) strains are provi
breakpoiftesco, 200fe Clinical Laboratory Standards Institute (CLSI) $tandards we
inoculum standardization, incubation conditions, and internal quality control organisir

Antibioti AMCAMIAPRCEFCHLCENRFLOGEN KANNALNE(STRESULTETFTRI/
Disk 30+:30 40 30 60 10 30 40 100 130120100 24080 5.2

contedy

Ro R
Ro Ro Ro Re Ro Re Re Re R¢
Clinical | * o 1o (RO201 o R02010 €20 Ro22 ' Rol€
breakpc™ 7T 77T 7S024 "S624So So T Se25 . TSe227
619 6190622 622 622 621 622 625 619
22 24
NowWT [36 3820 36 - - 16 11 12 - 93 2% 5480 54 -
WT 964 61298 964 - - 9% 9P 98 - 907 716 45l 4B -
S 90 615 98 9@ 764 9B 94 9 9B 951 9B 415 43l 46 50

I 17 05 13 04 18 03 71 20 02 08 14 8 12 03 01

R —
30 3% 20 31 23 17 96 30 12 49 22 5&% 5@ 54 4%

R+l

AMC: amoxicillin/clavulanic acid; AMP: ampicillin; APRA: apramycin; CEF: ceftiofur;
ENRO: enrofloxacin; FLOR: florfenicol; GENTA: gentamicimaKdiié :akahaNiCine; N
neomycin; STREP: streptomycin; SUL: sulfadiazine; TETRA: (oxy)tetracycline; TRIM
- results were discarded
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E. coli & amoxicillin/clavulanic acid

25
20
WT Interpret as S, susceptible 5 2 19
Interpret as R, resistant R < 16
15 ild- i
R<16 - 5219 on the 2.5 peak adjustment

WTz=20

=
o

Per cent isolates

I I T I O T T S P B A S R S R G AN S . S S A

Inhibition zone diameters, mm

E. coli & ampicillin

40
35 WT
30
Interpret as S, susceptible S > 19
25 Interpret as R, resistant R< 16

@ NRI wild-type population
WT =23

R<16 - 5219

Per cent isolates
o]
o

-
(6]

10

I I I I T T e T e T NG Y S R I D R

Inhibition zone diameters, mm

(b)
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Interpret as |, intermediate 20-21

(€)

(d)
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