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1

Preamble
It was in 1929 that Alexander Fleming discovered that an obscure mould on a glass plate in his laboratory could
kill bacteria (Fleming 1929). But it was Australian scientist Howard Florey working at Oxford University who
isolated the bacteria-killing substance found in the mould and named it penicillin. Nicknamed the ‘wonder drug’ it
heralded the dawn of the antibiotic age. It’s difficult to imagine but before penicillin, a simple scratch while pruning
your roses could kill you if it became infected. By 1944, with American laboratory help, the antibiotic drug was
mass produced and saved the lives of tens of thousands of war injured. Since then it and its derivatives have
saved millions of people globally.
However, within four years of penicillin’s introduction as a therapeutic, infections resistant to the drug were
beginning to appear. While new antibiotics were successful for a few years, the bugs soon developed resistance to
them too. The problem is, we have been overusing antibiotics, over-prescribing them often for illnesses they can’t
treat anyway. They have also been used by vets to treat animal diseases and by farmers as feed additives
because one of their side-effects promotes growth in animals. Over time bacteria have become progressively
resistant to more than one class of antibiotic and now doctors and vets are struggling to match the rate at which
multi-drug resistant bacteria are developing.
On the front line, the Australian Pesticides and Veterinary Medicines Authority (APVMA) is working to regulate
antibiotic use in animals. The Australian Technical Advisory Group on Antimicrobial Resistance (ASTAG), of which
APVMA is a member, is using a One Health approach to develop and implement Australia’s antimicrobial
resistance strategy with the aim of reducing the impact of antibiotic resistance on human and animal health.
Although ‘antibiotic-free’ is not an answer there is an urgent imperative to reduce unnecessary use of antibiotics in
humans and animals. Best-practice guidelines and a science-based approach to the responsible use of antibiotics
in agriculture are critical in balancing animal welfare and human health. This report documents the global
response to antimicrobial resistance (AMR) and describes the APVMA’s work in helping to coordinate Australia’s
human health and veterinary agencies to control it.
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Executive Summary
Antimicrobial resistance is a global public health, animal health and welfare concern. Its development and spread
is influenced by both human and animal antibiotic use. The APVMA plays a central role in regulating antibiotic use
in animals. In this role a principal APVMA objective is to lessen the risk of antibiotic resistance further developing
in bacterial populations, particularly where resistance has appeared in antibiotics also used in human medicine.
This report addresses the major issues relating to antibiotic resistance associated with the use of antibiotics in
animals.
Veterinary antibiotics are medicines used to cure animals of bacterial infection. They are also used controversially
in animals as growth promotants and as prophylactics to prevent infections. There is increasing support for a
global ban on the use of antimicrobial growth promotants, including from the Australian Veterinary Association
(Finance and Public References Committee 2013). Many countries have already banned the use of antibiotics as
growth promotants. Some understanding of growth promotants’ role in the emergence of resistance to antibiotics
important in human medicine arose after enterococci were found to be resistant to glycopeptide and streptogramin
antibiotics following their use in animal feeds. Now that avoparcin (a glycopeptide) is no longer used in animals,
animal-associated vancomycin resistant enterococci (VRE) is very rarely reported in animals. There has also been
a marked reduction in use of virginiamycin. There is concern too about multidrug resistance in zoonotic bacteria
such as Salmonella and campylobacter and attention is now focussed on multi-drug resistance in E. coli, other
coliforms and other Gram-negative bacteria. Also concerning is the legal therapeutic use of fluoroquinolones,
colistin and 3rd generation cephalosporins in livestock and companion animals in some countries.
International human and animal health agencies have responded in various ways to AMR. In 1998 the Australian
Government took an early lead by establishing the Joint Expert Technical Advisory Committee on Antimicrobial
Resistance (JETACAR). JETACAR carried out the most comprehensive study at that time in Australia on adverse
effects of AMR on humans and in 1999 recommended improvements across human and animal sectors
(JETACAR 1999). However, only some recommendations were adopted and in 2013 an Australian Senate
Committee called for action on the other JETACAR recommendations. Australia is currently developing a national
One Health strategy to reduce the impact of antimicrobial resistance in human and animal health (Department of
Health 2015).
Monitoring antibiotic use in agriculture has markedly improved over recent years, as has self-regulation, notably by
the pig and poultry industries, and an evidence base for policy development is progressing. However, the
emergence and spread of antibiotic resistance remains a priority if antibiotic use is to be regulated effectively. Only
then can appropriate regulatory controls be introduced to manage antibiotic use in animals and strategies
developed to mitigate antibiotic resistance. Crucially, the Australian Government is now coordinating medical and
veterinary regulatory agencies to address animal, human health and environmental issues. One Health is a
worldwide strategy, of which Australia is a part, aiming for the collaborative effort of many disciplines to target
these issues. Harmonising multinational efforts and harnessing multidisciplinary approaches to disease detection
and prevention, the environment and biodiversity, are essential because the health of humans is indivisibly
connected with that of animals and the environment.

BACKGROUND
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1 BACKGROUND
In 2001 the World Health Organization (WHO) described AMR as the major global health challenge of the 21st
Century. Resistance to antimicrobials is a key issue in treating many human infections including bacterial (eg
tuberculosis, staphylococcal bacteraemia, gonococcal infections, multi-drug resistant Escherichia coli),
protozoan (eg malaria) and viral (eg HIV-AIDS) diseases. Most people would accept that the use of
antimicrobials in human medicine is the major driver of resistance development but, in the case of bacterial
infections, it is evident that using antibiotics in animals also plays a role, though the data available to date are
insufficient to quantify the contribution (EFSA 2017b, EFSA 2017a, Wall et al. 2016). A recent paper by
Forslund et al. (2014) demonstrates that antibiotic use both in humans and in animals determines the
resistance profile of bacteria in the human gut. In the US more than 70 per cent of antibiotics defined as
medically important for humans are sold for use in animals (O'Neill 2016). In this report discussion will be
limited to antibiotics, substances that are active against bacteria: antivirals are rarely used in animals (none
are currently registered in Australia) and resistance to antifungals and antiprotozoal drugs, such as
coccidiostats and ionophores, used in animals although of concern are not as high a priority.
Increasingly we hear that we are entering the post-antibiotic era, a challenging concept when we recognise
that antibiotics have only been used in human and veterinary medicine for around 70 years. Although much of
the blame is attached to what is called overuse or misuse, any use of antibiotics can lead to the emergence of
resistant strains. Another issue is a change in demographics: with increasing use of transplanted organs,
significant numbers of people undergoing chemotherapy treatments for cancer, more very premature babies
surviving and more people living into their 70s, 80s and beyond, there are more immunocompromised people
in the community. More antibiotics are used in these susceptible populations so there is a greater likelihood of
resistant strains emerging. We should not be surprised.
Bacteria have been around for nearly four billion years and, as single-celled organisms evolving in very hostile
environments, an essential characteristic for survival would have been the capacity to deal with noxious
chemicals through mechanisms such as efflux pumps, selective porin channels or inactivating enzymes, and
to take rapid advantage of beneficial mutations in binding sites and cellular structures (Blair et al. 2015,
Rodríguez-Rojas et al. 2013). Compared with such a history, the advent of human and veterinary clinical use
of antibiotics has not provided bacteria with much of a challenge. Also, many of the antibiotics we use
originated in soil fungi and bacteria. Bacteria and other microflora sharing the same habitats must have
developed antibiotic resistance mechanisms to protect themselves. The ability of bacteria to develop
resistance may further increase with ongoing changes in temperature, humidity and weather patterns caused
by global climate change. It is worth noting that in studies of DNA extracted from 30,000-year-old permafrost
cores, resistance genes to β-lactams, tetracycline and vancomycin were found (D'Costa et al. 2011). Thus
Alexander Fleming’s comments in his Nobel Prize address in 1945 (before antibiotics were widely used) that
resistance is likely to emerge were well-founded (Fleming 1945).
Another important attribute of bacteria is their capacity to share DNA by horizontal transfer (Huddleston 2014).
The most important mechanism in terms of antibiotic resistance is conjugal transfer of plasmids and other
mobile genetic elements (Carattoli 2013, Iyer et al. 2013). Plasmids carrying resistance genes were first
described by Ochiai and co-workers in 1959 (Ochiai et al. 1959) and the extent to which bacteria use this
mechanism to share resistance genes has been revealed over the last 50 years (Brown-Jaque et al. 2015,
Hawkey & Jones 2009). Resistance genes can also spread through bacterial populations by direct uptake of
naked DNA (natural transformation) (Bae et al. 2014, Domingues et al. 2012) and by the action of
bacteriophages (transduction) (Shousha et al. 2015, Balcazar 2014).
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Molecular determinants of antibiotic resistance
Over the last 50 years much has been learned about the molecular determinants of resistance but new challenges
constantly arise. One new area of particular concern is the rapid emergence of multiple drug resistant bacteria
(Davies & Davies 2010) and, in particular, the emergence of Extended Spectrum β-lactamase (ESBL) producing
Gram-negative bacteria (Rubin & Pitout 2014). More than 1,300 ESBL enzymes have now been identified and
they can be classified into four major molecular groups, further divided into three functional groups (Bush 2013).
The enzymes are encoded by families of bla1 genes including blaTEM, blaSHV, blaCTX, blaOXA, and blaKPC.
The enzymes of even more heightened concern are the carbapenemases (eg KPC, OXA, IMP, VIM βlactamases)2 which inactivate the carbapenems—the last line treatment for MDR Gram-negative infections in
humans. The enzymes that attack the 3rd and 4th generation cephalosporins such as ceftiofur and cefquinome
respectively are now often referred to as Extended Spectrum Cephalosporinases (ESCs). A key feature of many of
the ESBL/ESC genes is their location on plasmids and other transferable genetic elements (Trott 2013).
Resistance to macrolides, such as erythromycin, is an issue with many Gram-positive human pathogens and
resistance is usually not confined to the macrolides—but the same genes encode resistance to other related
classes of antibiotics such as lincosamides, streptogramins and pleuromutilins in what is described as the MLSB
phenotype (Lambert 2012, Roberts 2011) and the PLSA phenotype (Zhang et al. 2015). One key point in relation
to aminoglycoside resistance is that the same gene (aac(3)-IV) (Herrero-Fresno et al. 2016, Jensen et al. 2006,
Johnson et al. 1994) encodes resistance to apramycin and gentamicin. One aminoglycoside inactivating enzyme
also inactivates fluoroquinolones. Aspects of aminoglycoside resistance have been reviewed recently (Ho et al.
2014, Ramirez & Tolmasky 2010).
Some examples of resistance mechanisms and determinants for veterinary antibiotics are listed in Table 1. It is
worth noting how many multiple modes of resistance to the various classes of antibiotics there are and the
multiplicity of resistance genes that have been identified so far. Read the table with the understanding that not all
resistance mechanisms are found in all species of bacteria; particular resistance determinants are found in
particular bacteria. For example, resistance to macrolides is determined by different mechanisms in campylobacter
compared with those in staphylococci. Useful reviews are available on the various mechanisms including: an
overview of acquired resistance genes (Schwarz et al. 2017, van Hoek et al. 2011); efflux-mediated antibiotic
resistance (Li et al. 2015); tetracycline mechanisms and resistance determinants (Nguyen et al. 2014, Roberts
2011); antibiotics targeting bacterial cell walls and cell membranes (Bush 2012); and fluoroquinolone resistance
(Yanat et al. 2017, Jacoby et al. 2014, Pallo-Zimmerman et al. 2010, Fàbrega et al. 2009). Of particular concern is
combined resistance to fluoroquinolones and cephalosporins and the emergence of global MDR strains such as
E.coli ST131 (Mathers et al. 2015, Nicolas-Chanoine et al. 2014). Some ‘old’ antibiotics such as colistin, used in
some countries to control E coli infections (Rhouma et al. 2016), have been retrieved to try to manage the
emerging pan-resistant Gram-negative infections (Giske 2015, Theuretzbacher et al. 2015). However, the
appearance in China of a colistin resistance mechanism, involving the mcr-1 gene, has raised concerns about the
efficacy of this drug in humans due to the emergence of resistance (Bialvaei & Samadi Kafil 2015, Catry et al.
2015, Liu et al. 2015). More recently, a novel mcr gene, called mcr-2, was identified in Belgium in porcine and
bovine colistin-resistant E. coli that did not contain mcr-1 (Al-Tawfiq et al. 2016, Xavier et al. 2016).

1

bla: bla is a gene that encodes the enzyme beta-lactamase.

2

KPC: Klebsiella pneumoniae carbapenamase; OXA: Oxacillinase; IMP: Imipenemase; VIM: Verona integron-encoded
metallo-ß-lactamase.

BACKGROUND

An important constraint on the use of multiple antibiotics from a single class is the phenomenon of crossresistance—where genes encoding resistance to one antibiotic in a class have the capacity to encode resistance
to all antibiotics in that class. Another issue is co-selection for resistance (Cantón & Ruiz-Garbajosa 2011). This
occurs when multiple antibiotic resistance genes are located on a single plasmid or other mobile genetic element,
so one of the co-located genes selects for resistance to all antibiotics on that plasmid or mobile genetic element.
The converse situation is collateral sensitivity that occurs when an organism which has developed resistance to
one drug displays increased sensitivity to a second antibiotic (Pál et al. 2015).

Table 1. Examples of some common resistance mechanisms (based on Davies and Davies, 2010)
Class

Examples of antibiotics

Resistance
mechanisms

Examples of
genes

Ribosome

Efflux altered
target,
modification of
antibiotic

tet, otr families

Target



Oxytetracycline



Chlortetracycline



Doxycycline

Polypeptide



Bacitracin

Peptidoglycan
synthesis

Efflux

bcr

Macrolides



Erythromycin

Ribosome



Tylosin



Tilmicosin

erm, ere, mph,
mef, msr, cfr
families, 23S
rRNA SNPs*



Tulathromycin

Altered target,
hydrolysis,
glycosylation,
phosphorylation,
efflux



Kitasamycin



Spiramycin

Streptogramin



Virginiamycin

Ribosome

Altered target,
efflux, inactivation

erm, vga, Isa,
vga, vgb, vat, cfr
families

Lincosamides



Lincomycin

Ribosome



Clindamycin

Inactivation,
altered target,
efflux

erm, msr , lsa,
inu, vga, cfr
families*



Tiamulin

Ribosome



Valnemulin

Efflux, altered
target

vga, lsa, sal, cfr,
23S rRNA SNPs*

Tetracyclines

Pleuromutilins
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Class

Examples of antibiotics

Target

Resistance
mechanisms

Examples of
genes

β-lactams

 Penicillin

Peptidoglycan
synthesis

Hydrolysis, altered
target, efflux

bla, mec, ade,
mex, cme
families

Ribosome

Inactivation,
altered target,
efflux

aac, ant, aph
families, rmt,
arm, ade, spw,
spd

Ribosome

Inactivation,
efflux, altered
target

flo, cfr, cat, cml
families, optr

DNA replication

Inactivation,
efflux, altered
target

Mutations in
gyrA, parC, qnr,
aac(6')-Ib-cr, oqx

 Ampicillin
 Amoxicillin
 Amoxicillin-clavulanate
 Cloxacillin
 Cefuroxime
 Cephalexin
 Cephalonium
 Ceftiofur
 Cefovecin
 Cefquinome
Aminoglycosides

 Gentamicin
 Neomycin
 Spectinomycin
 Apramycin
 Framycetin
 Florfenicol

Phenicols

 Chloramphenicol
Fluoroquinolones

 Enrofloxacin
 Marbofloxacin
 Orbifloxacin
 Ibafloxacin
 Pradofloxacin

Sulphonamides

 Sulfamethoxazole

Folic acid synthesis

Altered target,
efflux

sul family, acr
family

Pyrimidines

 Trimethoprim

Folic acid synthesis

Altered target,
efflux

dhfr family, bpropc family

Nitrofurans

 Nitrofurazone

DNA

Target
modification,
porin changes

nfs, omp

Cell membrane

Altered target,
efflux

mgr, pmrAB
mutations

 Nitrofurantoin
Cationic
polypeptides

 Polymixin B
 Colistin

*SNPs – single nucleotide polymorphisms
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2 MODERN HISTORY OF ANTIMICROBIAL RESISTANCE ASSOCIATED
WITH ANIMALS
Antibiotic use in animals
Antibiotics are used in animals as antibiotic growth promotants, for prophylaxis and metaphylaxis and
therapeutically.

Growth promotant use
Using antibiotics to promote growth in animals has raised the most concern about selection pressure for antibiotic
resistance. This approach involves in-feed use of low (generally sub-therapeutic) concentrations of antimicrobials,
some of which belong to classes containing antibiotics that are of critical importance to human medicine. However
ionophores, as yet not associated with antimicrobial resistance to therapeutic antibiotics in either humans or
animals, make up by far the greatest quantity of in-feed antimicrobials. They are used as coccidiostats and rumen
microflora modifiers and have some Gram-positive activity and hence promote growth. Antibiotic growth
promotants (AGPs) are fed to animals in medicated feeds for extended periods of time, even for the whole life of
the animal. Thus the use of such AGPs creates an ideal environment for selection of antibiotic-resistant bacteria
and the spread of resistance genes in the intestinal tract of treated animals (Roy Chowdhury et al. 2014).
Selection of antibiotic-resistant strains at low antibiotic concentrations has been reviewed by Sandegren (2014).
The mode of action of AGPs remains unclear but they appear to exert their effect by:



causing lethal or sublethal damage to Gram-positive bacteria (particularly) including intestinal pathogens



reducing the production of bacterial toxins



reducing the amount of essential nutrients used by bacteria



allowing increased synthesis of vitamins and other growth factors



improving absorption of nutrients by reducing the thickness of the intestinal epithelium



reducing mucosa cell epithelial turnover and intestinal motility (Hao et al. 2014, Shryock & Page 2013).

However, there is evidence that the growth response to AGPs is small in optimised production systems where
there are high standards of hygiene and disease control (Laxminarayan et al. 2015), reflecting the view that AGPs
may exert their effect by controlling some subclinical enteric diseases associated with poor animal husbandry.
Quantifying the extent to which growth responses are attributable to changes in the gut microflora or the control of
subclinical enteric diseases is difficult (Brown et al. 2017, Callaway et al. 2003). Recent molecular advances have
enabled studies into the effect of antibiotics on the non-cultivable gut microbiome, revealing that antibiotics cause
disturbances to the beneficial gut microbial community which may have long term effects on immune system
development, nutrient absorption and protection from pathogens (Nobel et al. 2015, Schulfer & Blaser 2015,
Holman & Chénier 2014, Looft et al. 2014).

Therapeutic use
Therapeutic use generally involves individual animal treatment for larger livestock but, for chickens particularly,
treatment is through drinking water or medicated feed. One problem with this dosing route is ensuring that each
animal receives an appropriate dose; in particular, sick animals which may lose their appetite. Nevertheless, there
is significant use of medicated feeds to treat larger livestock (Apley et al. 2012, Love et al. 2011).
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Prophylactic and metaphylactic use both commonly involve administering antibiotics by injection (for example in
cattle practice) or adding antibiotics to animal feeds. The intention is to use the medicated feed only in the face of
a potential disease outbreak or to protect animals exposed to an infectious disease, so the treatment is only
required for a limited period of time. There are use controls indicated on labels, and these should be complied
with. The concentration of antibiotics in the feed for therapeutic use is usually much higher than for AGP use.

A global perspective on antimicrobial resistance associated with animals
Antimicrobial resistance in E. coli isolates from pigs and chickens was reported by Smith (1967) but it was not until
the Swann Committee in the UK published its report on the emergence of MDR Salmonella in humans identical to
strains causing infections in calves (Swann 1969) that much attention was paid to antibiotic use and resistance in
animals. The committee recommended antibiotics important to human medicine be removed from animal feeds
stating that “permission to supply and use an antibiotic without prescription for adding to animal feed should be
restricted to antibiotics which:



are of economic value in livestock production under UK farming conditions



have little or no application as therapeutic agents in man or animals



will not impair the efficacy of a prescribed therapeutic antibiotic or antibiotics through the development of
resistant strains of organisms.”

The UK and some countries including Australia responded by removing antibiotics such as penicillin and
tetracyclines from non-prescription stock feeds. Other countries, such as the USA, did not take any action. The
Food and Drug Administration (FDA) did recommend restrictions on the use of these antibiotics in feeds but
Congress overruled the FDA and referred the matter to the National Academy of Sciences. The Academy was
sceptical that low-level antibiotic use could increase the transmission of bacterial drug resistance from animals to
humans and recommended that no restrictive actions on antibiotics be taken (Feinman 1998). However
researchers in the USA (Levy 1985, Levy 1978) had already demonstrated that strains of E coli from animals,
including strains carrying antibiotic resistance genes, could be transmitted to humans.
In the 1970s and 1980s increasing antibiotic resistance was recognised in zoonotic enteric bacteria such as
Salmonella and campylobacter, as was the emergence of MDR strains, particularly in Salmonella and E.coli, but
apart from expressions of concern, little action was taken (Barton 2000, Fone & Barker 1994, Levy 1985, Linton
1984). In 1986 the Swedish government banned the use of AGPs (Commission on Antibacterial Feed Additives
1997) and when Sweden joined the EU in 1995 special approval was required from the EU to maintain this ban
(Wierup 2001). There was a sudden change in attitude when in 1995 vanA vancomycin-resistant Enterococcus
faecium was found in pigs and poultry that had been fed avoparcin-medicated feed (Bager et al. 1997). As a
result, avoparcin was banned in Denmark in 1995 and other European countries soon followed suit. Apart from
avoparcin there were also concerns about virginiamycin and co-selection for resistance to the human
streptogramin quinupristin-dalfopristin (Werner et al. 1998), as well as tylosin in selecting for macrolide resistance
and co-selecting for avoparcin resistance (Butaye et al. 1999).

There followed much debate about the use of AGPs and many reports were published with some supporting a ban
on their use and others suggesting there was insufficient information to act (Barton 2000). In 1996 the EU
suspended the registration of avoparcin. In 1999 it suspended the use of tylosin, spiramycin, bacitracin and
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virginiamycin as well. By 2006 no AGPs remained registered in the EU (European Commission 2005). However
some have raised concerns about the ban, suggesting it had no effect on vancomycin resistance in enterococci
but had adverse effects on animal health (Casewell et al. 2003) and no benefits to human health (Phillips 2007).
Other studies indicated that removing AGPs resulted in a substantial decline in antibiotic use (Millet & Maertens
2011), had not increased the use of therapeutic antibiotics except in weaner pigs in Denmark (Grave et al. 2006)
and had led to a decline in antibiotic resistance in enterococci isolated from animals and food (Wegener 2003). In
the 1990s, after the EU decision to phase out the use of AGPs, Denmark led the way by instituting a full voluntary
ban in 1998, making it compulsory in 2000. The impact of the ban was discussed at a workshop in 2010 (Cogliani
et al. 2011) and the conclusion was that animal production continued to thrive in countries where a ban on AGPs
was enforced. However some still advocate for the continued use of AGPs (Hao et al. 2014).
Concern about global food security and problems in providing animal protein to a growing world population have
invigorated the debate (Van Boeckel et al. 2015, Lean 2013), with calls to develop non-antibiotic growth
promotants (Aiking 2014). It is worth noting that antibiotic resistance in enterococci is still an issue with vanB E
faecium endemic in many hospitals around the world, including in Australia (vanB-encoded resistance is
associated with vancomycin use in hospitals, not use of glycopeptides in animal feeds as the vanB gene has not
yet been recovered from enterococci of animal origin). Prevalence of vanA VRE has increased in some countries
too (Agersø et al. 2014) and is found in wastewater (Kim et al. 2017, Roberts et al. 2016) which could lead to
contamination of agricultural products and animals. Recently linezolid resistance encoded by the optrA genes has
been reported in E faecium and E faecalis isolated from food animals and carcasses (Tamang et al. 2017). Thus
antibiotic resistance in enterococci remains a significant human health challenge (Werner et al. 2013). Heavy
metals in animal feeds also have the potential to select for resistance to antibiotics due to the co-location of
resistance determinants—copper and zinc have both been incriminated (Yu et al. 2017, Yazdankhah et al. 2014)
and the EU has now recommended banning zinc oxide in animal feeds. Tylosin has had an impact on macrolide
resistance in the non-enteric organism Streptococcus suis (Palmieri et al. 2011); Aarestrup et al. (1998) suggested
that using too much tylosin in pigs led to this problem.
Until quite recently the focus was almost entirely on AGPs and there was limited interest in antibiotics used
therapeutically in animals, perhaps in the mistaken belief by some in the medical sector and the wider community
that all antibiotics were used for growth promotion. However, attention soon turned to two classes of antimicrobials
critical in human medicine, the fluoroquinolones and 3rd generation cephalosporins. Also, resistant animal
pathogens with multi-resistance conjugative elements and multi-resistance genes, such as cfr, which encodes
resistance to phenicols, lincosamides, oxazolidinones (such as linezolid), pleuromutilins and streptogramin A,
were reported firstly in staphylococci of human and animal origin and other Gram-positive bacteria. But they were
soon found in enterococci and animal isolates of Gram-negative bacteria such as Proteus and E. coli (Tamang et
al. 2017, Shen et al. 2013). Currently carbapenemase-producing and colistin-resistant MDR Gram-negative
bacteria have taken centre stage in discussions on antibiotic resistance as carbapenems and colistin are
antibiotics of last resort for infections caused by MDR Gram-negative bacteria (Al-Tawfiq et al. 2017, Madec et al.
2017, Michael et al. 2015, Morrison & Rubin 2015, Schmiedel et al. 2014).
Enrofloxacin (a fluoroquinolone) was introduced in Europe and the USA in the late 1980s and resistance was first
reported in veterinary isolates of Salmonella in the mid-1990s (Griggs et al. 1994). A study of campylobacter
isolates from humans and poultry showed parallel increases in resistance to enrofloxacin from 0 to 11 per cent and
0 to 14 per cent respectively between 1982 and 1989 (Endtz et al. 1991). Subsequent studies have confirmed the
use of fluoroquinolones in food-producing animals to be a significant factor in the emergence of resistance in
human infections (Nelson et al. 2007, Moore et al. 2006). Plasmid-borne fluoroquinolone resistance has now been
found in animal isolates (Yanat et al. 2017, de Jong et al. 2014, Yang et al. 2014b, Pallo-Zimmerman et al. 2010).
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Ceftiofur, a 3rd generation cephalosporin, was introduced to the USA in 1998 and prior to that in Europe.
Deshpande et al. (2000) demonstrated that ESBL-producing human strains of E.coli and Klebsiella pneumoniae
were resistant to ceftiofur and that there was a high correlation between resistance to ceftriaxone (a human 3rd
generation cephalosporin) and ceftiofur in these isolates. Resistance to ceftiofur was first detected in Salmonella
isolates in Canada and the USA in the late 1990s (Allen & Poppe 2002, CDC 2002). It was recognised that
ceftiofur-resistant animal isolates produced AmpC and ESBL enzymes (Barton 2014, Smet et al. 2008). In recent
years the term ESCs has been applied to the ESBLs which inactivate 3rd and 4th generation cephalosporins.
Over the 2000s many papers were published indicating strong links between the emergence of ESBLs/ESCs and
the use of ceftiofur (and cefquinome, which has been approved for use for some time in Europe but is not currently
approved in the USA or Australia) in livestock. ESBL-producing bacteria are now recognised as a major challenge
to human health and more than 1,300 enzymes are currently recognised (Bush 2013). While most attention is paid
to ESCs it is important not to overlook AmpC β-lactamases (Jacoby 2009), which are particularly associated with
ceftiofur. Further, during the 2000s there were several reports of ESC-producing E.coli and Salmonella from
animals (Tyrrell et al. 2016, Trott 2013, Carattoli 2008) and by the end of the decade attention was also drawn to
the potential for ESC-E.coli in livestock to cause human extra-intestinal infections, such as urinary tract infections.
[See the systematic review by Lazarus et al. (2015), which identified poultry as the most likely source]. ESCproducing organisms have been found with increasing frequency in companion animals, including dogs and
horses (Madec et al. 2017, Rubin & Pitout 2014, Shaheen et al. 2011). The escalation in the number of reports of
ESC-resistant organisms may have been associated with the introduction onto the EU market of cefquinome, a 4th
generation cephalosporin, for use in dairy cattle and horses.
It is important to note that ESC activity is not restricted to E.coli and Salmonella but has been reported in many
Enterobacteriaceae including Citrobacter spp., Klebsiella pneumoniae, Serratia spp. and Enterobacter cloacae as
well as non-Enterobacteriaceae such as Acinetobacter. These organisms have largely been ignored in veterinary
testing because most of them are not regarded as animal pathogens. The potential for Acinetobacter baumannii
isolates from livestock and companion animals to cause human infections has been investigated by Müller et al.
(2014) so the role of animals in the dissemination of the non-E.coli/Salmonella MDR organisms is slowly being
revealed. However, antibiotic-resistant bacteria/genes could also be transferred from humans to animals, as
suggested by Abraham et al. (2014b) and Schultz et al. (2015) in studies of MDR Proteus spp. in humans and
dogs.
A further concern is the extension of the ESC activity to carbapenems, a treatment of last resort for some human
infections. Carbapenems are not registered for use in animals but resistance has been detected in livestock,
seafood, horses and companion animals (Madec et al. 2017, Michael et al. 2015, Morrison & Rubin 2015, Guerra
et al. 2014). According to researchers in Germany (Falgenhauer et al. 2017) the most likely cause for this is coselection, though at first it was thought it might be the result of transfer from humans to animals or off-label or
illegal use in animals. Most of the ESC-producing organisms are multi-drug resistant and there is also an
increasing number of reports of livestock and companion animals with ESC-resistant determinants on mobile
plasmids (Seiffert et al. 2013). Also worrying has been the discovery in animal isolates of plasmids carrying both
fluoroquinolone-resistant and ESC-resistant determinants (Wasyl et al. 2015, Li et al. 2014a) and the emergence
of pandemic strains of MDR organisms such as E.coli ST131 (Mathers et al. 2015, Platell et al. 2011).
While most attention has been paid to risks to human health from antibiotic resistance in livestock, companion
animals including horses have also come under scrutiny. This follows the emergence of fluoroquinolone-resistant
and ESC-producing and carbapenemase-producing coliforms, as well as methicillin-resistant Staphylococcus
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aureus (MRSA) (Bogaerts et al. 2015, Michael et al. 2015, Ewers et al. 2014, Guerra et al. 2014, Walther et al.
2014, Lloyd 2007).
MRSA first emerged in the 1960s and became the most common nosocomial pathogen in hospital patients
(Moellering 2012). Subsequently, strains emerged in the general community (Williamson et al. 2014). MRSA was
not thought to be an issue in animals until quite recently when there were increasing reports of MRSA in dogs and
horses (Loeffler & Lloyd 2010, Leonard & Markey 2008). Molecular and epidemiological studies indicated that the
cat and dog isolates were identical with human healthcare isolates whereas the horse isolates usually belonged to
a horse-adapted strain of human origin (Walther et al. 2009). The accepted view is that cats and dogs are
colonised by human strains and could potentially be a reservoir for human reinfection but that the horse-adapted
strain circulates in horses and between horses and their handlers. MRSA was uncommon in livestock species
(Leonard & Markey 2008) but this changed when livestock-associated MRSA (LA-MRSA) emerged in pigs
(Huijsdens et al. 2006, Voss et al. 2005). This strain of MRSA (ST398) then spread rapidly and in a few years had
established itself in many countries in livestock, particularly pigs, cattle, poultry and horses (Graveland et al. 2011,
Cuny et al. 2010). ST398 does not appear to colonise humans very readily, nor does colonisation persist. Close
and persistent contact with colonised animals appears to be a requirement for human colonisation (Fluit 2012). ST
398 is usually multi-drug resistant (Kadlec et al. 2012) and there are suggestions that use of tetracycline or other
antibiotics may have contributed to its emergence (Price et al.). More recently there have been suggestions that
the use of zinc has co-selected for LA-MRSA, as the Zn resistance and mec genes are co-located (Slifierz et al.
2015). Other livestock-associated strains have now emerged, for example MRSA ST9 in South East Asia (Chuang
& Huang 2014) and the USA (Sun et al. 2015).
A further challenge has been the emergence in dogs and cats of methicillin-resistant Staphylococcus
pseudintermedius (MRSP), first reported in 2011 (Beever et al. 2014, Moodley et al. 2014). To some extent this
reflects the continuing evolution of methicillin resistance in staphylococci. It is significant that the emergence of
MRSA in humans drove the introduction of vancomycin to treat resistant staphylococcal infections and this in turn
led to the emergence of VRE.
In contrast to other food-producing animal industries there has been little interest in antibiotic resistance in
aquaculture industries. Reilly and Käferstein (1999) drew attention to the potential for transfer of resistant bacteria
from aquatic foodstuff to humans, noting in particular the widespread use of antibiotics in aquaculture in some
Asian countries. In the last 10 to 15 years aquaculture has grown rapidly in many developed and developing
countries, including Australia where it is worth $350 million a year, and the growth rate is likely to increase as wildcaught fishery stocks become depleted (FAO 2010). Although some aquaculture industries have invested heavily
in vaccine development (Gudding R & Van Muiswinkel 2013) antibiotics are used extensively and in large volumes
in other aquaculture industries (Park et al. 2012, Cabello 2006) and at least in some countries a high proportion of
the antibiotics used are of critical importance in human medicine (Done et al. 2015). Widespread multi-drug
resistance associated with plasmids and other mobile genetic elements has been found in aquaculture settings
(Cabello et al. 2013, Miranda et al. 2013, Buschmann et al. 2012).
It may not be widely known but antibiotics have been used to control bacterial diseases in plants since the 1950s
(McManus et al. 2002). The range of antibiotics is restricted (commonly streptomycin, gentamicin, oxytetracycline
or oxolinic acid) and use is small compared to use in animal industries (Stockwell & Duffy 2012). However, these
authors have noted that resistance to these antibiotics has been found in plant pathogenic bacteria.
Use of antibiotics in all settings has led to environmental contamination (da Costa et al. 2013). Human sewage
(Bouki et al. 2015, Reinthaler et al. 2013), livestock production (Li et al. 2014b, Yang et al. 2014a, Novais et al.
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2013, Zhang et al. 2013, Allen et al. 2011), and aquaculture (Hoa et al. 2011) have all contributed to widespread
distribution of antibiotic-resistant bacteria and genes in the environment (Abhirosh et al. 2011, Heuer et al. 2011,
Kümmerer 2009, Esiobu et al. 2002) facilitating their transmission to humans and animals (Wooldridge 2012,
Young 1993).

The Australian situation
In many ways the situation in Australia is different to that overseas. This will be addressed later in this report. For
now it is worth noting that in Australia the use of gentamicin is prohibited, fluoroquinolone use in food-producing
animals has never been approved, use of 3rd generation cephalosporins is restricted and cefquinome has not
been registered. MDR strains and important pathogens not present in Australian animals include: pathogenic MDR
Salmonella Enteritidis, Salmonella Typhimurium DT104, vanA and vanB vancomycin-resistant enterococci (VRE)
and fluoroquinolone-resistant Campylobacter spp. (Page 2012). However, while there is no national surveillance
program, there is limited data on antimicrobial resistance available from some small pilot and snapshot studies.
Growth promotants have been used extensively in livestock and vanA enterococci were present in Australian
poultry (Barton & Wilkins 2001) before avoparcin was withdrawn from the market in 2000. Resistance to bacitracin
and tylosin is common in enterococci from poultry but little or no resistance to virginiamycin has been detected
(Obeng et al. 2013, DAFF 2007). In pigs, there is widespread resistance to tylosin and bacitracin (Fard et al. 2011,
Hart et al. 2004) and some resistance to virginiamycin (Fard et al. 2011). No vanA vancomycin resistance, even in
isolates collected prior to 2000, has been reported. Interestingly, the pig industry voluntarily stopped using
avoparcin in 1997. Fard et al. (2011) also noted that zinc resistance was common in E. faecalis but these workers
did not detect any copper resistance. The only information on antibiotic resistance in enterococci from cattle
comes from a small pilot surveillance study (DAFF 2007) which found low levels of resistance to virginiamycin and
erythromycin (tylosin was not tested).
Multi-drug resistance has been reported in Salmonella from livestock (Izzo et al. 2011, Barton et al. 2003) with
most isolations from pigs and poultry, though the prevalence of resistance in extensively grazed cattle is low
(Barlow et al. 2015). Interestingly, the major multi-drug resistant strains such as Salmonella Typhimurium DT104,
Salmonella Newport, Salmonella Heidelberg and Salmonella Kentucky have never been isolated from livestock
and there are no reports of fluoroquinolone or 3rd generation cephalosporin resistance. Multi-drug resistant E.coli
are much more common, again particularly in pigs and poultry (Abraham et al. 2014a, Obeng et al. 2012a, Smith
et al. 2010, DAFF 2007, Hart et al. 2004, Barton & Wilkins 2001). E.coli-carrying integrons were reported in cattle
(Barlow et al. 2008) and other studies have reported low levels of resistance in cattle (Barlow et al. 2015, DAFF
2007). Multi-drug fluoroquinolone-resistant E.coli have been isolated from extra-intestinal tract infections in dogs
(Gibson et al. 2010) but none in livestock. Notably, Ingram et al. (2013) detected fluoroquinolone resistance in
some samples of poultry meat despite the birds not being treated with fluoroquinolones. They concluded this arose
because of co-selection as the isolates were also resistant to amoxicillin, gentamicin, tetracycline and
trimethoprim/sulfamethoxazole and the apparent resistance determinant was aac(6')-Ib-cr, an aminoglycoside
acetylating enzyme which also inactivates fluoroquinolones.
Recent investigations indicate that 3rd generation cephalosporin resistance is emerging in pig isolates (Shewli
Mukerjee, Sam Abraham and Mary Barton, unpublished data) and calves (Sparham 2015) and has been found in
pork and chicken meat (Pitcher et al. 2014). Postharvest contamination has not been ruled out in the latter case.
Both fluoroquinolone and 3rd generation cephalosporin-resistant coliforms and E.coli have been found in dogs
(Sidjabat et al. 2007) while IMP-carbapenemase has recently been detected in cats from a Sydney cattery
(Abraham et al. 2016). Antibiotic-resistant strains of campylobacter have been found in Australian pigs and poultry
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(Obeng et al. 2012b, Miflin et al. 2007, Hart et al. 2004, Barton & Wilkins 2001). There was also resistance to
ampicillin and tetracycline but no resistance to fluoroquinolones was detected. Macrolide resistance in C. jejuni,
which causes most human campylobacteriosis, generally remains low (Bolinger & Kathariou 2017) but increasing
rates of resistance have been reported in US feedlot cattle (Tang et al. 2017).
In Australia multi-resistant MRSA has been found in dogs and cats (Allen et al. 2013, Malik et al. 2006) and horses
(Allen et al. 2013, Axon et al. 2011). All small animal isolates have been ST239 and all horse isolates ST8 in
keeping with overseas results. Large animal MRSA ST398 has recently been found in pigs (Groves et al. 2014)
but there have been no reports of MRSA in bovine mastitis isolates (McMillan et al. 2016, Babra et al. 2013). The
last published investigation of staphylococci in chickens reported finding no MRSA (Bertolatti et al. 2003). It is
worth noting that Australian veterinarians in equine practice have MRSA carriage 23 times higher than in the
general community (Jordan et al. 2011).
No antibiotics are registered for use in aquaculture in Australia but from time to time the APVMA has issued minor
use permits (Barton & Ndi 2012). However, limited studies have indicated that antibiotic resistance is now common
in Australian aquaculture isolates (Ndi & Barton 2011, Akinbowale et al. 2007a, Akinbowale et al. 2007b,
Akinbowale et al. 2006).
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3

ANTIBIOTIC SUSCEPTIBILITY TESTING

Antibiotic susceptibility testing is a well-established procedure in medical and veterinary diagnostic laboratories. It
is a key assay both in helping determine the best antibiotic to use to treat a human or animal patient and in
antibiotic resistance surveillance programs. It is essential to follow standardised procedures to ensure results are
repeatable and that results from one laboratory are comparable to those from another for the compilation of
common data. Susceptibility testing can involve phenotypic testing (ie determining the growth response of the
organism of concern when exposed to the antibiotic) and genotypic testing (using polymerase chain reaction
[PCR] to detect antimicrobial resistance genes of interest or whole genome and plasmid sequencing to detect the
presence of antimicrobial resistance genes).

Phenotypic antibiotic susceptibility testing
Phenotypic testing can involve disc diffusion methods or broth or agar dilution methods. The former is the
simplest and most commonly used technique in Australian veterinary laboratories. Two standardised
methodologies are used—the Clinical Laboratory Standards Institute (CLSI) method and the Calibrated
Dichotomous Sensitivity (CDS) method. CLSI methodology is internationally recognised and the Institute publishes
a number of standard methodologies and interpretive guidelines, including some specifically for aquatic as well as
veterinary isolates (CLSI 2014a, CLSI 2014b, CLSI 2013). CDS is restricted to Australia, has a medical focus and
has only been calibrated for a few veterinary antibiotics. The Standing Committee on Animal Health Laboratory
Standards (SCAHLS) has published standard testing procedures for Australian veterinary laboratories (SCAHLS
2014); this manual discusses the methods in detail. Disc diffusion methods use filter paper discs impregnated with
specific concentrations of antibiotics. The diameter of the zone of inhibition of growth is measured and the size
compared to those in tables in the CLSI guidelines. More information can be obtained by individually testing the
susceptibility of the organism to a range of concentrations of the antibiotics of interest. This can be done manually
for broth and agar dilution methods in smaller laboratories and automated systems are available for larger
laboratories. Results are interpreted by determining the lowest concentration of antibiotic that inhibits the growth of
the organism.
The European Committee on Antimicrobial Susceptibility Testing (EUCAST) is another international body setting
standards for antibiotic susceptibility. It is a standing committee jointly organized by the European Society of
Clinical Microbiology and Infectious Diseases (ESCMID), the European Centre of Disease Prevention and Control
(ECDC) and European national breakpoint committees. It was formed in 1997 to harmonise susceptibility testing of
human isolates in Europe; other countries including Australia are moving to this methodology.
Determining breakpoints (ie determining if an isolate is sensitive, intermediate or resistant) is a key step in clinical
antibiotic susceptibility testing. Traditionally those following CLSI standards have used clinical breakpoints where
an organism is considered susceptible if the zone diameter or minimum inhibitory concentration (MIC) is such that
the antibacterial activity is associated with a high likelihood of therapeutic success. Conversely, a microorganism
is defined as resistant if zone diameter or MIC are such that the level of antimicrobial activity is associated with a
high likelihood of therapeutic failure—that is, the interpretations are based on potential clinical outcomes. EUCAST
introduced the concept of microbiological resistance such that the breakpoints (more accurately cut-off values) are
defined by epidemiological cut-off values (ECVs or ECOFF) (Silley 2012). The ECVs are established on the basis
of the distribution of MICs for an antibacterial drug and a bacterial species. ECVs are much more applicable to
surveillance testing than are clinical breakpoints (Bywater et al. 2006) and in epidemiological studies it is
suggested that the terms ‘wild-type’ and ‘non-wild-type’ be used instead of the terms ‘susceptible’ and ‘resistant’
(Simjee et al. 2008). Both EUCAST and CLSI have robust methodologies for establishing breakpoints and ECVs,
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though EUCAST is still establishing ECVs for veterinary medicines. The comparative functionality of EUCAST and
CLSI with respect to methodologies and operational transparency is still debated although EUCAST has significant
advantages for surveillance testing.
Another concept in clinical antibiotic susceptibility testing is the mutant selection window hypothesis (Drlica & Zhao
2007, Dong et al. 1999). This hypothesis states that antibiotic-resistant mutant subpopulations of bacteria present
before starting antibiotic treatment are enriched and amplified during treatment when the concentration of the
antibiotic is within a specific range (the mutant selection window). The lower margin of the window is the MIC of
the susceptible organisms while the upper margin is the MIC of the least antibiotic-susceptible mutant
subpopulation, a value called the mutant prevention concentration (MPC). The window is dependent on the
pharmacokinetics of the antibiotic and concentration gradients in the body. Using a strategy based on the
combined knowledge of MPC and pharmacokinetics and pharmacodynamics can reduce selection of resistant
mutants (Cantón & Morosini 2011).

Molecular testing for antibiotic resistance
Molecular testing has been used for many years to identify the genes encoding resistance to antibiotics (Nikaido
2009). Some of the advantages and disadvantages have been discussed by Sundsfjord et al. (2004) who pointed
out that the advantages of genotypic detection of resistance included speed and easy interpretation. Molecular
methods also allow a better understanding of the mechanisms of resistance, such as the complex gene cassette
required to encode glycopeptide resistance (Arthur & Courvalin 1993), the variant mec genes encoding methicillin
resistance (Shore & Coleman 2013) or the 1300 plus bla genes encoding β-lactamase enzymes (Bush 2013).
There are many genotyping techniques now available, from PCR to resistance gene sequencing and whole
organism sequencing. Such methods facilitate ecological (Roy Chowdhury et al. 2014) and epidemiological
investigations (Michael et al. 2015) and have led to a better understanding of the (two-way) transfer between
animals and humans of antibiotic-resistant organisms and genes (Lupindu et al. 2015, Meireles et al. 2015, de
Been et al. 2014, Harrison et al. 2014, Valentin et al. 2014, Wang et al. 2012, Wegener 2012). However, molecular
techniques have limitations; the presence of a gene does not mean it will be expressed and gene variants may not
be detected with standard primers.
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4 GOVERNMENT AND AGENCY RESPONSES TO ANTIMICROBIAL
RESISTANCE
International
The WHO was the first international agency to address antimicrobial resistance following a resolution from the
1998 World Health Assembly. It subsequently held a number of workshops and meetings to assess the perceived
growing public health threat and to develop strategies for action; some of the consultations addressed issues
arising from the use of antibiotics in animals (Stohr 2000). The WHO Global Strategy for Containment of
Antimicrobial Resistance was published in 2001 (WHO 2001). At this time the WHO identified antimicrobial
resistance as a key health issue for the 21st Century. Over the last 17 years it has continued to hold workshops
and consultations, producing reports and guidelines on issues such as antimicrobial use and resistance
surveillance, as well as specific guidance on the treatment of human infections (WHO 2015b). In May 2015 it
released a global action plan on antimicrobial resistance (WHO 2015a).
The WHO (2001) report largely addressed antimicrobial resistance as it relates to the use of antimicrobials in
human health but it also contained a chapter devoted to using antimicrobials in food-producing animals, which had
been developed from a consultation (WHO 2000) with various veterinary organisations and individuals. The WHO
report expressed concerns about, among other things:



the large quantities of antimicrobials used for prophylaxis or growth promotion



the lack of diagnostic services and their perceived high costs, meaning that treatment of animals is
empiric rather than based on laboratory-proven disease



the fact that veterinarians in some countries earn a significant proportion of their income from selling
drugs—a disincentive to limit antimicrobial use



inadequately enforced regulatory mechanisms



antimicrobials used as growth promoters are often not considered as drugs so are either not licensed or
licensed solely as feed additives and available over-the-counter with no professional intervention from
veterinarians.

The report then discusses how the banning of avoparcin in Denmark led to a reduction of VRE in animals and a
review of the use of AGPs. The issue of fluoroquinolone resistance in the zoonotic enteric pathogens Salmonella
and campylobacter was also considered. A number of subsequent WHO publications also addressed antimicrobial
resistance in food-producing animals (WHO 2015a, WHO 2002).
The World Organisation for Animal Health (OIE) responded by convening an ad hoc Group of Antimicrobial
Resistance in 2003 (OIE 2015c) which updated some of the animal health codes to include antimicrobial
resistance as well as some prudent use guidelines (OIE 2015a, Teale & Mouin 2012). It subsequently developed a
list of antimicrobials critically important for animal use. This ranked a number of critically important human
antibiotics such as fluoroquinolones and 3rd generation cephalosporins as also critically important in animal
health. This list was updated in 2007 and again in 2015 (OIE 2015b); however, the status of fluoroquinolones or
3rd generation cephalosporins was not amended.
The FAO first addressed the issue of antimicrobial use in animals in the early 1980s in a joint FAO/WHO Expert
Consultation on Residues of Veterinary Drugs in Food (FAO 1985). This consultation also recognised that
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antibiotic-resistant organisms were associated with the use of sub-therapeutic concentrations of antibiotics in
animal feeds and that the issue could need further consideration by FAO, WHO and other international agencies
(Bruno & Mackay 2012). Much of the FAO work has been through Codex activities. In the early 2000s Codex
collaborated with the WHO in two workshops to investigate a multi-disciplinary approach to coordinate activities
and in 2005 published a code to minimise antimicrobial resistance (CAC 2005). In 2007 Codex established a
Codex Intergovernmental Task Force on Antimicrobial Resistance. The role of the task force was to develop
evidence-based guidelines to assess risks to human health associated with the emergence of antibiotic-resistant
bacteria in animals and transmission via the food chain to humans. The task force prepared guidelines on risk
analysis for food-borne transmission of resistance (CAC 2011). The key features of risk analysis, as part of an
overall risk assessment, are: identify the hazard, decide who might be harmed by association and how, evaluate
the risks and decide on control measures, record the findings and finally, review the assessment and update it if
necessary. FAO is now actively engaged in working with a range of stakeholders, including national governments,
producers and traders, on strategies to reduce antimicrobial use in livestock (including aquaculture) and prevent
and control antimicrobial resistance (FAO 2015).

Australia
Current situation
An application submitted to the APVMA to register an antibiotic for use in animals requires a comprehensive
data package which is subjected to a rigorous assessment. The following outline highlights the focal areas of the
APVMA’s antimicrobial resistance risk assessment; details of the data requirements are at
apvma.gov.au/node/1018 (APVMA 2014b).
Applications submitted to register an antibiotic for use in food-producing animals require a qualitative risk
assessment which addresses the possible contribution of the proposed use pattern to antibiotic resistance in
foodborne microorganisms and human pathogens. In addition, a risk profile is required which summarises:
hazard characterisation; exposure characterisation; impact characterisation; an assessment of the uncertainty of
the data used in the risk assessment; the benefits of use of the antibiotic in Australian animal health and risk
characterisation. In the context of AMR, a risk characterisation states the probability of disease due to infection in
susceptible humans after exposure to antibiotic-resistant microorganisms (or transferable genetic elements) of
animal origin and the severity of the impact of exposure on susceptible humans.
Similarly, an application to register an antibiotic for use in non-food-producing animals should include a qualitative
risk assessment addressing risks associated with the potential transfer of antimicrobial-resistant bacteria (or their
genetic material) from non-food-producing animals to humans. Where available, overseas data, Australian data, or
both should also be submitted to the APVMA for assessment. The objective of this approach is to lessen the risk
of antibiotic resistance further developing in bacterial populations and to ensure that the estimated level of risk is
acceptable for public health. An approach similar to this one which has been practised in Australia for many years
was recently proposed in the literature for evaluating new antimicrobial products for companion animals (Pomba et
al. 2017).

Historical account
Initially, the National Health and Medical Research Council (NHMRC) was responsible for the national policy on
antibiotics through its Antibiotic Standing Committee, which in 1988 was redesignated as the Expert Panel on
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Antibiotics (EPA), and later renamed as the Working Party on Antibiotics (WPA)3 . The guiding principles for the
EPA/WPA were those outlined in the UK’s Swann report. Special data requirements for registration were
established and used by the then National Registration Authority (NRA)4 (NRA 1998). The EPA/WPA provided
advice to the NRA on whether to grant, refuse, restrict or amend an application and also advised the then Australia
New Zealand Food Authority (ANZFA)5 on the potential for an antibiotic used in animals to affect human
pathogens. In response to WPA advice fluoroquinolones were never registered for use in food-producing animals.
The lack of use in livestock combined with restricted use in humans combined to result in negligible resistance to
fluoroquinolones in human enteric bacteria, in contrast to countries where fluoroquinolones are widely used in
livestock and humans (Cheng et al. 2012).
Following the discovery in Denmark in 1995 of the link between the emergence of human VRE and use of
avoparcin in animal feeds, in December 1997 the Australian Government established a Joint Expert Technical
Advisory Committee on Antibiotic Resistance (JETACAR).
JETACAR was charged with:



examining the status of antibiotic resistance patterns in Australia in human and veterinary practice and in
food-producing animals



examining the full range of antibiotic usage patterns and control practices in Australia in all sectors,
including health, veterinary and agricultural applications



identifying priority medical problems arising from the use of antibiotics in livestock production



recommending a minimum set of criteria for assessing the potential human health impact prior to licensing
of antibiotics for use in animals and agriculture, taking into account the likely benefits and potential
adverse outcomes (informed by models in published scientific literature and relevant measures adopted
by other countries)



recommending an antibiotic resistance management strategy/strategies (JETACAR 1999).

JETACAR made 22 recommendations covering regulation, monitoring and surveillance, infection control,
education and research and indicated that all five elements needed to be addressed if there was to be any impact

3

The NHMRC made post-Swann recommendations on AGPs and scheduling at its 83rd meeting in 1977: Antibiotics used as growth

promotants in animal feedstuffs. Council was of the opinion that the continued use of therapeutic antibiotics as growth promotants in
animal feedstuffs could lead to an impairment of their efficacy in the treatment of human disease. Council recommended that p enicillins,
tetracyclines, cephlasporins, sulphonamides, trimethoprin and related compounds, aminoglycoside antibiotics, chloramphenicol, and
preparations of these antibiotics, be prohibited from use as growth promotants in animal husbandry in Australia. It further c onsidered
that the use of tylosin and macrolides as growth promotants should continue to be permitted. However, the Council emphasised that it
considered that their use as growth promotants is considered to be disadvantageous because of their value to veterinary medic ine in
the therapeutic treatment of serious infections in animals and birds.
4

The National Registration Authority for Agricultural and Veterinary Chemicals (NRA) was established in 1993 and underwent a n ame

change to the Australian Pesticides and Veterinary Medicines Authority (APVMA) in 2003.
5

The Australia New Zealand Food Authority (ANZFA) was established in 1996 as a successor to the National Food Authority (NFA)

which was created in 1991. After further legislative change, the renamed Food Standards Australia New Zealand (FSANZ) was
established in 2002.
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on antibiotic resistance (JETACAR 2000). The government largely supported the recommendations (Department
of Health and Ageing 2000) but most were not implemented. An Expert Advisory Group on Antimicrobial
Resistance (EAGAR) was appointed to replace the WPA and continued to provide advice to the APVMA. EAGAR
and the APVMA revised and updated the special data requirements for registration of veterinary antibiotics but
EAGAR was disbanded in 2006 because the NHMRC did not consider it had a role in providing advice to the
APVMA. Work on resistance in animals then stalled, apart from the voluntary removal of avoparcin from the
market in 2000 and the review into virginiamycin which, although appealed, resulted in tighter controls on its use
(APVMA 2004). There was also a small pilot antimicrobial resistance surveillance study (DAFF 2007) and most
remaining non-prescription antibiotics were made prescription-only S4 drugs. In 2012 the Australian Commission
on Safety and Quality in Health Care (ACSQHC) established an Antimicrobial Resistance Standing Committee
(AMRSC). Among other things this group prepared a report titled National surveillance and reporting of
antimicrobial resistance and antibiotic usage for human health in Australia (AMRSC 2013) and revised the
previous EAGAR list of antibiotics critically important to human medicine (ACSQHC 2015).
In 2013, due to rising global concerns about antimicrobial resistance (World Economic Forum 2013) and noting the
initiatives being taken internationally, a Senate committee investigated progress in implementing JETACAR’s
recommendations and made recommendations of its own (Finance and Public References Committee 2013). This
led to greater consideration of resistance issues in both the human and animal sectors. AMRSC morphed into the
Australian Strategic Technical Advisory Group on Antimicrobial Resistance (ASTAG) and is addressing use and
resistance issues in animals and humans. In 2015 it released Australia’s first national antimicrobial resistance
strategy (Department of Health 2015). Now ASTAG is working to implement the strategy. Also in 2013 the
Australian Government set up the Australian Antimicrobial Resistance Prevention and Containment Steering
Group (AMRPC). Jointly chaired by the Secretaries of the Department of Health and the then Department of
Agriculture, Fisheries and Forestry and with the Commonwealth Chief Medical Officer and Chief Veterinary Officer
as senior members, the group’s role is to provide high-level governance and leadership on AMR. It also oversees
the development of a comprehensive National AMR Prevention and Containment Strategy for Australia. A
successful AMR strategy will depend on collaboration not just across states but sectors.
A national One Health colloquium (ACSQHC 2013) recommended that a successful AMR strategy would depend
on cross-sectoral collaboration. Key elements of effective cross-sectoral collaboration being:



political will and high-level commitment



common objectives and priorities



shared benefits



trust (transparency, communication and relationship building)



adequate and equitably distributed resources



identification and involvement of all relevant partners



coordinated planning of activities



capacity development.

The Australian Government announced in November 2016 the Implementation Plan of the National Antimicrobial
Resistance Strategy 2015-2019 (Department of Health 2016).
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5 MITIGATION OF ANTIBIOTIC RESISTANCE
Antimicrobial stewardship is well established in hospitals in many countries (Doron & Davidson 2011) including the
Australian Commission on Safety and Quality in Health Care (ACSQHC 2015). As early as 2001 antimicrobial
stewardship was seen as a key issue for veterinary use of antibiotics (Anthony et al. 2001) but progress in this
area has not been as fast as might have been hoped. Programs are at various stages of implementation in
Europe, the USA and Canada (AVMA Task Force for Antimicrobial Stewardship in Companion Animal Practice
2015, Bowen 2013, Fairles 2013). The Australian Veterinary Association is also actively engaged (Australian
Veterinary Association 2014). Regulatory controls underpin any initiatives to reduce antibiotic resistance. In
Australia there are three levels of control of antibiotic use in animals. Firstly, as no antibiotics are manufactured in
Australia, there are customs controls at the point of entry. Secondly, all antimicrobials for use in animals must be
registered by the APVMA. Thirdly, there is control-of-use legislation in each of the Australian states and territories.
The registration process in Australia has been conservative and from 1970 to 2006 there was formal input from
EAGAR and its predecessors as to the human health implications of introducing new classes of veterinary
antibiotics for use in food-producing animals. As a result fluoroquinolones have not been registered for use in
livestock, although a number of fluoroquinolones have been registered for therapeutic use in non-food-producing
animals (dogs and cats). The initial approval to use cephalosporins in livestock was restricted but, in the changeover from the WPA to EAGAR, ceftiofur was registered for use in cattle, albeit with some label constraints.
One outcome from the implementation of JETACAR’s recommendations has been the progressive removal of
growth-promotant claims from antibiotics in classes important to human medicine. As a result the only growthpromotant antibiotics still registered in Australia are ionophores, kitasamycin, flavophospholipol, avilamycin and
roxarsone. The states regulate the use of antibiotics and one of JETACAR’s recommendations was to harmonise
state legislation but this has yet to reach a satisfactory conclusion.
In 2015 the European Commission (EC) issued new guidelines to member states for the prudent use of
antimicrobials in veterinary medicine. Critically, to mitigate the development of AMR, antimicrobials used in both
humans and animals should only be used in animals in exceptional cases. The guidelines stress the need for
cooperation between public health agencies, feed business operators, pharmaceutical manufacturers, veterinary
and environmental authorities, industry bodies, front line veterinarians and farmers, all of whom have a
responsibility in this area. But the EC said primary responsibility for prudent use, and thus mitigation of
antimicrobial resistance, lies with the prescriber and the person administering the antimicrobials—ultimately the
veterinarian familiar with the history of the herd, flock or animal being treated.
In the USA the US National Antimicrobial Resistance Monitoring System for Enteric Bacteria (NARMS) was
established in 1996 to oversee collaboration among state and local public health departments, the Centers for
Disease Control (CDC), the FDA, and the US Department of Agriculture (USDA). This national surveillance system
tracks changes in the antimicrobial susceptibility of certain enteric bacteria found in ill people (CDC), retail meats
(FDA), and food animals (USDA) in the USA. The NARMS program at the CDC provides information about
emerging bacterial resistance, the ways in which resistance is spread, and how resistant infections differ from
susceptible infections (CDC 2017). The FDA regulates antimicrobials. In recent years it has moved to control the
use of antibiotics of critical importance in human medicine and has issued detailed guidance for industry on the
judicious use of medically-important antimicrobial drugs in food-producing animals (FDA 2013, FDA 2012). The
FDA appears to have paid most attention to the use of antibiotics as feed additives for growth-promotant and
prophylactic/metaphylactic use and less to therapeutic use (FDA 2015). This followed an instruction from
President Obama that the FDA needed to take steps to stop agricultural use of medically-important antibiotics for
growth promotion purposes (Park 2014, FDA 2013, FDA 2012). In May 2016 the FDA issued a rule expanding its
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requirements for antimicrobial drug sponsors to provide data on a species-by-species basis for all antimicrobials
sold or distributed for use in food-producing animals (FDA 2016). In line with its concerns about overuse of
antimicrobials, in August 2016 the FDA banned 19 ingredients in antibacterial hand soap, including triclosan and
triclocarban.
Globally there has been an increase in the level of political awareness of antibiotic resistance. For example, in
2013 the Chief Medical Officer of the UK, Dr Sally Davies, said antibiotic resistance was a “ticking time bomb” that
posed a “catastrophic threat” (Davies 2015). In the same year the G8 Science Ministers identified AMR as the
“major health security challenge of the 21st century” and promised to act on antibiotic resistance. As already
mentioned, President Obama entered the debate in 2014 and set up a task force to come up with an action plan
which it did in the same year (President’s Council of Advisors on Science and Technology 2014). Political interest
in antibiotic resistance has generated a substantial increase in funding, at least in the UK and USA, to address the
resistance crisis.
Professional organisations also play an important role. For example the British Veterinary Association (BVA) and
European veterinary organisations have over the years produced formularies and prudent use guidelines. The
Australian Veterinary Association (AVA) has also been addressing the issue of antimicrobial resistance. It is one of
five key strategic priorities for the AVA although a lack of funding is hampering efforts to prepare prudent-use
guidelines. Some of the Special Interest Groups of the AVA have developed guidelines—for example, the
Australian Veterinary Poultry Association has published several documents relating to the judicious use of
antibiotics (AVPA 2013). The AVA and Animal Medicines Australia (AMA) have joined forces to develop best
practice antibiotic-prescribing guidelines for livestock and horses (Animal Medicines Australia 2015). Individual
practitioners are expected to use antibiotics responsibly, and in this respect the AVA invited small animal
veterinary practices in Canberra to participate in a 12-month pilot trial that began in March 2016 (Australian
Veterinary Association 2016).
While regulatory controls and antimicrobial stewardship programs should help in delaying the emergence of
resistance to any new classes of antibiotics, it is far from clear what difference they will make to existing resistance
problems. Evaluations of medical programs indicate there have been economic benefits in reducing the volume of
antibiotics used in hospitals (Coulter et al. 2015); however, as yet, there are no published studies indicating any
reduction in antibiotic resistance. The conventional wisdom has been that antibiotic resistance imposes such a
cost on the organism that as soon as the selection pressure of antibiotic resistance is removed, resistant strains
will rapidly be replaced by sensitive strains. However, in practice this does not seem to be the case (Melnyk et al.
2014, Andersson & Hughes 2010) or that if resistance is reversed, it probably happens quite slowly (Sundqvist
2014). Another level of intervention is educating the community in general, and livestock and pet owners in
particular, to increase knowledge about when and how antibiotics should be used and, conversely, when their use
is inappropriate. Medical, veterinary and animal science courses also need to pay serious attention to appropriate
training on appropriate antibiotic use and the mitigation of antibiotic resistance.
History suggests that it takes a crisis to get any action on antibiotic resistance. First it was multi-drug resistance in
Salmonella that stimulated the Swann (1969) report; then it was the discovery of the link between avoparcin use in
animals and VRE that led to the WHO taking a more proactive stance. Now it is the emergence of pan-resistant
organisms and ESCs that has increased government concerns and led to the latest development—recognition that
antibiotic resistance is truly a One Health issue that will only be mitigated if medical and veterinary authorities work
closely together on an international platform (Laxminarayan et al. 2015, The Lancet Infectious Diseases
Commission 2013). This has added impetus to joint WHO/OIE and FAO collaborations.
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6 CONCLUSION
Antibiotic resistance will not disappear but every effort must be made to delay its emergence and reduce its impact
on human health and animal health, welfare and productivity. While protecting human health is essential, effective
antibiotics are also needed to treat animals, including companion animals. However, it is prudent public health
policy that the available armamentarium of veterinary antibiotics should not include those that are medically
important. Appropriate and consistent regulations and industry stewardship programs are essential to ensure that
veterinary antibiotics are used responsibly. This is also a food security issue. To increase food production in a
sustainable way, alternatives to the widespread use in many countries of antibiotics as growth promotants need to
be introduced. Among these, improved genetics, improved hygiene, and improved diets play a role. Also, the use
of prophylactic antibiotics in animals must be managed responsibly to ensure health and welfare are maintained
and antimicrobial resistance is not amplified.
While much of the research is on finding new antibiotics, it is also important to encourage research on how to
change the way antibiotics are used. If newer antibiotics are not used prudently, resistance will emerge to them
just as it has to every other antibiotic introduced into human and veterinary medicine. Improving antibiotic
stewardship must go hand-in-hand with improved infection control (human and veterinary) and improved animal
management and biosecurity on farms. The ASTAG Committee is seeking to develop a unified approach to
regulating and managing antibiotic use in Australia; this will help to ensure progress in controlling the emergence
of antibiotic resistance.
The Australian Government has a long-standing commitment to regulate and register agricultural and veterinary
chemicals through the APVMA, which has become the principal authority managing AMR in animals. Andrew
Metcalfe, former Secretary of the Department of Agriculture, Fisheries and Forestry (now the Department of
Agriculture and Water Resources) told the Australian One Health Antimicrobial Resistance Colloquium in July
2013 that through the APVMA, Australia has one of the most thorough systems for regulating chemicals, including
antibiotics, in the world. This country also has one of the lowest nonhuman uses of antibiotics in the world, and
one of the lowest levels of AMR, but there is no room for complacency—humans and animals share many of the
same bacteria and environments and AMR bacteria are able to move between species and environments across
the world.
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ABBREVIATIONS

ACSQHC

Australian Commission on Safety and Quality in Health Care

AGP

Antibiotic growth promotant

ABR

Antibiotic resistance

AMA

Animal Medicines Australia

AMR

Antimicrobial resistance

APVMA

Australian Pesticides and Veterinary Medicines Authority

ASTAG

Australian Strategic and Technical Advisory Committee on Antibiotic Resistance

AVA

Australian Veterinary Association

CAC

Codex Alimentarius Commission (‘Codex’)

CLSI

Clinical and Laboratory Standards Institute

EAGAR

Expert Advisory Group on Antimicrobial Resistance

ECOFF

epidemiological cut-off value

ECV

(see ECOFF)

ESBL

Extended spectrum β-lactamase

ESC

Extended spectrum cephalosporinase

EUCAST

European Committee on Antimicrobial Susceptibility Testing

FDA

US Food and Drug Administration

FAO

Food and Agriculture Organization of the United Nations

FSANZ

Food Standards Australia New Zealand

JETACAR

Joint Expert Technical Advisory Committee on Antimicrobial Resistance

LA-MRSA

Livestock-associated MRSA (see MRSA)

MDR

Multidrug resistance

MRSA

Methicillin-resistant Staphylococcus aureus

NARMS

US National Antimicrobial Resistance Monitoring System for Enteric Bacteria

NHMRC

National Health and Medical Research Council

OIE

W orld Organisation for Animal Health

ABBREVIATIONS

TGA

Therapeutic Goods Administration

USDA

US Department of Agriculture

VRE

Vancomycin-resistant Enterococcus

WHO

W orld Health Organization
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GLOSSARY

Acquired resistance

Acquired resistance occurs when a particular microorganism obtains the ability to resist
the activity of a particular antimicrobial agent to which it was previously susceptible. A
bacterial strain can acquire resistance by mut ation, by the uptake of exogenous genes by
horizontal transfer from other bacterial strains or by the activation/triggering of a genetic
cascade, thereby inducing the expression of resistance mechanisms (E. M. A. Committee
for Medicinal Products for Veterinary Use et al. 2017).

Antibiotics

Originally defined as substances produced by microorganisms but now including synthetic
substances that at low concentrations kill or inhibit the growth of other microorganisms but
cause little or no host damage. They ar e drugs used to treat infections caused by bacteria,
but not those caused by viruses, fungi or parasites. Antibiotic as used in this document is
synonymous with antibacterial.

Antibiotic growth
promoters/promotants
(AGPs)

AGPs are reported to improve growth rates and production (meat, milk, eggs). Although
the mechanism underpinning their action is unclear, one of many mechanisms is believed
to be that sub-therapeutic doses of antibiotic growth promoters may suppress subclinical
infections. The effects of growth promoters are more noticeable in at risk and/or sick
animals and sometimes in those suffering from poor animal husbandry (Hughes &
Heritage 2002).

Antibiotic resistance

A property of bacteria that enables them to grow in the presence of antibiotic
concentrations that would normally kill or suppress the growth of susceptible bacteria
(APVMA 2014a). Antimicrobial resistance (see below) is a broader term, encompassing
resistance to drugs to treat infections caused by other microbes as well, such as parasites
(eg malaria), viruses (eg HIV) and fungi (eg Candida).

Antimicrobials

An active substance of synthetic or natural origin which destroys microorganisms,
suppresses their growth or their ability to reproduce after administration for therapeutic
indications in animals or humans. In this context, antivirals, antiparasitics (eg
coccidiostats) and disinfectants are excluded from the definition (EMA 2015). However the
term ‘antimicrobial’ is often used interchangeably with ‘antibiotic’.

Antimicrobial resistance

The inability or reduced ability of an antimicrobial agent to inhibit t he growth of a
bacterium which, in the case of a pathogenic organism, can lead to therapy failure (EFSA
2016).

Co-resistance

The presence of resistance genes located on the same piece of DNA encoding resistance
to more than one class of antibiotics or other substances (for example heavy metals or
disinfectants) in a single bacterium. This event often occurs on a mobile piece of DNA in
the chromosome or on a plasmid (Baker-Austin et al. 2006).

Co-selection

The simultaneous selection of genes co-located with resistance genes that occurs when a
single gene is selected by exposure to a single antibiotic or other selective substance. The
classic example is integron-containing resistance gene cassettes under the control of a
single promoter.

Cross resistance

Resistance to a particular antibiotic that often results in resistance to other antibiotics,
usually from a similar chemical class, to which the bacteria may not have been exposed. A
single resistance mechanism confers resistance to an entire class (or famil y) of antibiotics
(Cantón & Ruiz-Garbajosa 2011). Cross resistance can also occur across different classes
of antibiotics. This could be a result of either overlapping targets of the different
antibiotics, as is the case with macrolides and lincosamides, or the bacteria having a
similar resistance mechanism to the different compounds (E. M. A. Committee for
Medicinal Products for Veterinary Use et al. 2017).
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Intrinsic resistance

Some bacteria are naturally resistant to some classes of antibiotics because t heir
structure prevents antibiotics getting into the bacterial cell, or their structures are not
susceptible to the action of the antibiotic, or they have a natural ability to eliminate or
destroy the antibiotic.

Metaphylaxis

Administering antimicrobial drugs to a group of animals judged to be clinically healthy but
which are in contact with animals with clinical signs of infection.

Multidrug resistance
(MDR)

MDR is defined as non-susceptibility to at least one agent in three or more antimicrobial
categories (Magiorakos et al. 2012).

Prophylaxis

Administering antimicrobial drugs to a single healthy animal known to be at risk due to, for
example, it being in close proximity to other animals, or stress caused by transport or
adverse weather conditions.
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