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There have been many calls for more information about the natural resistome and
these have also highlighted the importance of understanding the soil resistome in the
preservation of antibiotics for the treatment of infections. However, to date there have
been few studies which have investigated the culturable soil resistome, which highlights the
difficulties faced by microbiologists in designing these experiments to produce meaningful
data.TheWorld Health Organization definition of resistance is the most fitting to non-clinical
environmental studies: antimicrobial resistance is resistance of a microorganism to an
antimicrobial medicine to which it was previously sensitive. The ideal investigation of
non-clinical environments for antibiotic resistance of clinical relevance would be using
standardized guidelines and breakpoints. This review outlines different definitions and
methodologies used to understand antibiotic resistance and suggests how this can be
performed outside of the clinical environment.
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The World Health Organization World Health Day 2011 high-
lighted the problems of antibiotic resistance under the title
“Antibiotic resistance: no action today, no cure tomorrow”. Every
year 25,000 people in the European Union die because of a seri-
ous resistant bacterial infection, mostly acquired in health care
settings1. The search for antibiotics, understanding their mech-
anisms of action and the development and spread of antibiotic
resistance has resulted in the development of many industries
and novel research areas for over 100 years. However, the num-
ber of antibiotics coming to the market over the past 30 years
has dramatically declined as many pharmaceutical companies and
biotech firms abandoned the search for antibiotics in favor of other
pharmaceuticals (Spellberg et al., 2004). Antibiotic resistance has
developed over time from resistance to single classes of antibi-
otics to multi-drug resistance and extreme drug resistance. Until
recently, antibiotics and antibiotic resistance were thought of in
terms of treatments of infections and the prevention of successful
treatment, respectively. The mechanisms of action and resistance
have been studied almost exclusively in pathogenic bacteria. It
is only in recent years that research in antibiotic resistance has
focused on the environment from which the antibiotics were ini-
tially extracted: soil microorganisms and the soil ecosystem. With
an every decreasing supply of novel antibiotics and increasing
resistance the emphasis has turned to defining the natural antibi-
otic resistome and understanding the ecology and evolution of
antibiotic resistance in the non-clinical environment. These recent
research focuses are thought to bring answers to help prevent a
return to the pre-antibiotic era.

There have been many calls for more information about the nat-
ural resistome and these have also highlighted the importance of
understanding the soil resistome in the preservation of antibiotics

1http://www.who.int/world-health-day/2011/en/

for the treatment of infections (Pruden et al., 2006; American
Academy of Microbiology, 2009; Aminov, 2009; Rosenblatt-
Farrell, 2009). However, to date there have been few studies which
have investigated the culturable soil resistome, in antibiotic pro-
ducing bacteria Streptomyces, and an isolated cave microbiome
(D’Costa et al., 2006; Bhullar et al., 2012). Numerous studies have
been performed using polymerase chain reaction (PCR) or quanti-
tative PCR (qPCR) to screen the environment for known resistance
genes or more recently metagenomics (Volkmann et al., 2004;
Chen et al., 2007; Knapp et al., 2008; Lata et al., 2009; Zhang et al.,
2011; McGarvey et al., 2012; Popowska et al., 2012). Functional
metagenomics have also been used to identify novel resistance
mechanisms in soil (Allen et al., 2009; Donato et al., 2010; Torres-
Cortés et al., 2011). The identification of antibiotic resistance
hotspots and the understanding of the evolution and ecology of
antibiotic resistance in the environment are novel areas of research.
There have been more reviews written on this topic that research
papers to date, which highlights the difficulties faced by micro-
biologists in designing these experiments to produce meaningful
data. We are faced with some fundamental difficulties in assessing
and analyzing the environmental antibiotic resistome.

Antibiotic resistance and antibiotic breakpoints have been
defined within the context of their medical functions. Clini-
cal breakpoints define bacteria as susceptible, intermediate, or
resistant to an antibiotic and are calculated using several fac-
tors, including clinical results from studies, wild type minimum
inhibitory concentration (MIC) distributions for the relevant bac-
terial species, antibiotic dosing and pharmacokinetic (PK) and
pharmacodynamics (PD) measurements (Clinical and Labora-
tory Standards Institute [CLSI], 2006; European Committee on
Antimicrobial Susceptibility Testing [EUCAST], 2011). This is
used as a guide for the clinician to decide how to treat the patient,
with antibiotic resistance meaning treatment failure. But what
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does antibiotic resistance mean out-with the human health or
infection treatment context? We need to also define what an antibi-
otic is in the natural environment, as this too is a term adapted for
use in terms of treating bacterial infections.

The soil may be a reservoir of resistance genes, which are already
present in human pathogens or which may emerge to increase the
current arsenal of antibiotic resistance mechanisms in pathogens.
Most antibiotics used in human medicine have been isolated from
soil microorganisms. Therefore, soil is thought of as a potential
reservoir of antibiotic resistance genes. The presence of antibiotics
in soil is believed to have promoted the development of highly
specific antibiotic resistance mechanisms in antibiotic producing
and non-producing bacteria (D’Costa et al., 2006). This belief is
based on studies, which have identified resistance genes such as
blaCTX-M, qnrA, and blaNDM as originating in the environmen-
tal bacteria Kluyvera spp., Shewanella algae, and Erythrobacter
litoralis, respectively (Oliver et al., 2001; Nordmann and Poirel,
2005; Zheng et al., 2011). These genes are clinically relevant resis-
tance genes and are currently causing difficulties in the treatment
of bacterial infections. The origins of other plasmid mediated
resistance genes are still unknown. Anthropocentrism has led to
the view that genes such as blaCTX−M, qnrA, and blaNDM have
evolved in nature as antibiotic resistance genes. However, the true
functions of these genes remain to be characterized. By approach-
ing antibiotic resistance in nature not from an anthropocentric
viewpoint, but from bacterial evolution and ecological stand-
points will we be able to identify the origins and evolution of such
genes.

While soil may be a reservoir of antibiotic resistance genes,
but not all resistance mechanisms are necessarily a threat to the
continued use of antibiotics in all pathogens. Intrinsic resistance
is a characteristic of almost all isolates of the bacterial species
(Leclercq et al., 2011). Intrinsic resistance occurs when the antimi-
crobial activity of the drug is clinically insufficient or antimicrobial
resistance is innate, rendering it clinically ineffective (Leclercq
et al., 2011). The commonly believed theory of the role of the
soil resistome is that antibiotic production and resistance co-exist
in soil bacteria, as demonstrated by studies of antibiotic biosyn-
thetic pathways and genome analysis (Cases and de Lorenzo, 2005;
D’Costa et al., 2007). The theory is that without the resistance
gene the antibiotic producing bacteria would self-destruct, on
production of the antibiotic. However, Davies and Davies (2010)
pointed out that this theory remains to be proven. In order to
understand the importance of soil as a potential reservoir of antibi-
otic resistance mechanisms we need to investigate these theories.
The soil may be a reservoir of antibiotic resistance genes, but we
need to ask which resistance mechanisms are relevant to clinical
antibiotic use?

The human pathogen is not the ancestral home of antibi-
otic resistance as they have developed to infect humans, not to
live in soil with antibiotic producers. Therefore, if soil is the
natural reservoir of antibiotic resistance the most important resis-
tance mechanisms are those that can transfer from soil bacteria
to pathogenic bacteria. Thus, we need to study soil bacteria as
a reservoir of antibiotic resistance with relevance to the clinical
use of antibiotics. Another reason to study the soil resistome is to
understand the roles of antibiotics and resistance in nature: the

natural ecology and evolution of resistance. The idea is that by
learning more about how resistance has developed over time we
can understand antibiotic resistance evolution and spread within
patients and also help to predict the future evolution of resis-
tance to existing and novel antibiotics. Our use of antibiotics has
changed the course of antibiotic resistance ecology and evolu-
tion. The environment does not exist in a separate world to that
of humans. There is a constant flow to and from soil, especially
in urban and agricultural environments. Human activities such
as using antibiotics in the treatment of human and animal dis-
eases or in agriculture, but also pollution and climate change have
altered the soil environment. If the soil is a reservoir of antibi-
otic resistance mechanisms, we need to identify how our actions
and climatic change will also affect the soil resistome. The topic
of ecology and evolution of resistance in the environment will be
discussed in other papers within this special topic review and will
not be addressed in this review.

We frequently refer to bacteria as being resistant to antibiotics,
but rarely do we consider what that means. Even the most resis-
tant bacterium can be inhibited or killed by a sufficiently high
concentration of antibiotic; patients, however, would not be able
to tolerate the high concentration required in some cases (Hawkey,
1998). In order to study the antibiotic resistome, we need to know
what antibiotic and antibiotic resistance means in terms of soil
bacteria. Antibiotic action and resistance up until a few years ago
has been studied almost exclusively in terms of human or ani-
mal pathogens. We can separate the study of the soil antibiotic
resistome into two different contexts:

1. Clinical relevance: antibiotic resistance of relevance to
pathogens

2. Natural relevance: ecology and evolution of antibiotic resistance

These separations ensure that when we study antibiotic resis-
tance in clinical terms that we have a definition of antibiotics and
antibiotic resistance, as they are used in medicine. I will focus on
the clinical relevance for the remainder of this review. The term
antibiotic was described by Waksman (1973) as a description of
a use, a laboratory effect or an activity of a chemical compound.
Davies and Davies (2010) defined an antibiotic as any class of
organic molecule that inhibits or kills microbes by specific inter-
actions with bacterial targets, without any consideration of the
source of the particular compound or class. Antibiotic resistance
from a clinical viewpoint has been defined by the European Agency
for the evaluation of medicinal products, as microbiologically
resistant or clinically resistant2.

Microbiological resistance:
“Resistant microorganisms from a microbiological point of

view are those that possess any kind of resistance mechanism or
resistance gene.” This definition is quantified using MIC data and
breakpoints for the antibiotics.

Clinical resistance:
“The classification of a bacteria as susceptible or resistant

depends on whether an infection with the bacterium responds
to therapy.”

2http://www.ema.europa.eu/docs/en_GB/document_library/Report/2009/10/
WC500005166.pdf
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Clinical resistance is a complex concept in which the type of
infecting bacterium, its location in the body, the distribution of the
antibiotic in the body and its concentration at the site of infection,
and the immune status of the patient all interact. The difficulty
arises when we try to apply these definitions to soil bacteria or non-
pathogenic bacteria, where no breakpoints exist. If we identify a
novel resistance mechanism in a soil bacteria, will this resistance
gene cause resistance in a human pathogen? The antibiotic resis-
tance definition of most relevance in both clinical and non-clinical
environments is that of the WHO:

Antimicrobial resistance is resistance of a microorganism to an
antimicrobial medicine to which it was previously sensitive.

In order to define antibiotic resistance in non-clinical environ-
ments we need to address the specific context and define what
is meant by sensitive. In terms of clinically relevant antibiotic
resistances, we can define resistance in all contexts as bacteria con-
taining a known resistance gene or those, which are no longer
inhibited at the site of infection. These bacteria would then be
considered resistant to the respective antibiotics. Defining an
antibiotic sensitive bacteria is a more complex task, especially with
respect to bacteria inhabiting different environments. A bacteria
defined as sensitive may be so in soil, but in the presence of clin-
ically relevant antibiotic concentrations, may be highly mutable
or have inducible resistance mechanisms. Thus, a sensitive bacte-
ria is one, which would not be readily selected in the presence of
higher concentrations of antibiotic than those concentrations in
the environment. If an environmental species in a particular place
increases its MIC to a certain antibiotic along a limited period
of time it can be considered that it has become “more” resistant
or less susceptible. However, defining resistance by the presence
of known resistance genes is limiting the search for resistance to
those already characterized. Thus, we propose that such resistance
genes be separated into pR-genes, potential resistance genes or
pre-resistance genes and aR-genes, genes known to produce an
antibiotic resistance phenotype in bacteria capable of survival and
integration into the human or animal microbiotia.

How do we decide which resistances are relevant? In clinical
practice we know that Pseudomonas aeruginosa is intrinsically
resistant to ampicillin due to chromosomally mediated AmpC,
efflux and impermeability. Therefore, clinical Pseudomonas aerug-
inosa are not tested for susceptibility to ampicillin as it is not
used to treat Pseudomonas aeruginosa infections. However, if soil
is described as a potential reservoir of resistance genes, which
can move from the chromosome to mobile elements and then
to pathogens we need to test all of the bacteria, not just the
pathogens or antibiotic producers. If we identify a penicillin resis-
tant Pedobacter species, does this mean that Pedobacter contains a
potential novel resistance gene or, like Pseudomonas aeruginosa it
is mediated by intrinsic resistance or that it is only or importance
if it can be expressed in pathogenic bacteria?

Novel resistance genes may be identified using functional
metagenomics; total soil DNA is extracted, digested, and ligated
into a vector. The vector is transferred into a bacterial host, e.g.,
Escherichia coli and the functional characteristics are measured
using clinical breakpoints (Handelsman, 2004). However, in hos-
pitals antibiotic resistance is generally tested using MIC or disk
diffusion assays. A definition of antibiotic resistance for antibiotic

susceptibility testing of bacteria in non-clinical environments is
required. The culture-based studies of antibiotic resistance in soil
bacteria to date have defined antibiotic resistance as growth at
20 mg/L (D’Costa et al., 2007; Bhullar et al., 2012). This arbitrary
definition is based on the use of 20 mg/L as the breakpoint concen-
tration in the initial soil resistome study of Streptomyces species
(D’Costa et al., 2007). This definition is used for all bacteria and
all classes of antibiotics.

The clinical breakpoint of an antibiotic is determined by com-
bining the relevant factors in setting breakpoints for antimicrobial
agents and consist of, as defined by the European Committee on
Antimicrobial Susceptibility Testing:

1. Available formulations
2. Standard and maximum dosing
3. Clinical indications and target organisms
4. MIC distributions for individual species
5. Pharmacokinetic (PK) data in humans
6. Pharmacodynamic (PD) data
7. Information from modeling processes
8. Clinical data relating outcome to MIC values
9. Information on resistance mechanisms, the clinical significance

of the resistance mechanisms, and the MICs for organisms
expressing the resistance mechanisms

However, where no PK/PD data for antibiotics with a particu-
lar species have been generated the breakpoints should be based
on epidemiological cut-off (ECOFF) values for the antibiotics3.
In the case of clinical infections these are limited to antibiotics
used to treat the infection. In a recent evaluation of Pasteurella
multocida by EUCAST the ECOFF values were determined using
approximately 250 isolates for the tests and were estimated by
visual inspection or statistically calculated (Turnidge et al., 2006).
Ideally greater than 250 isolates would be obtained from multi-
ple centers or countries in order to establish a worldwide ECOFF
values. Each country could then survey their own multi-center
sites in order to identify edaphic influences on the soil resistome.
Although the culturable bacteria represent less than 1% of the
total bacterial population, within this 1% remains a large number
of bacterial species, for which there are no antibiotic breakpoint
values. The possibility of culturing many more organisms than this
1% will be provided by the advances in “culturomics” and com-
bining metagenomics data with concurrent sequencing (Lagier
et al., 2012; VanInsberghe et al., 2013). In order to define a bac-
teria as resistant we need to test the MIC distribution within
the population and identify the breakpoint. Therefore, in terms
of defining antibiotic breakpoints for bacteria from non-clinical
environments the ECOFF would be the most appropriate. In order
to create breakpoints for these environments we would need to col-
lect and test at least 250 isolates from different locations, in order to
have a representative sample. With breakpoints we can set standard
guidelines for susceptibility testing of antibiotics in non-clinical
environments. Susceptibility testing is the gold standard of antibi-
otic resistance testing used throughout the world in hospitals.
It is a relatively cheap and easy technique with little need for

3http://www.eucast.org/
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sophisticated or expensive equipment. Therefore, using sus-
ceptibility testing would enable the comparison of non-clinical
data with clinical data. However, this is limited to culturable
bacteria.

Non-culture-based techniques are required to investigate the
entire bacterial community. The bacteria that can be grown in
the laboratory are only a small fraction of the total diversity that
exists in nature. Approximately only 1% of bacteria on Earth can
be readily cultivated in vitro (Staley and Konopka, 1985; Amann
et al., 2001). Therefore, non-culture-based tools such as PCR and
metagenomics are required to capture the non-culturable section
of the non-clinical antibiotic resistome. However, one disadvan-
tage of these tools are that they are limited to screening for known
resistance genes and mechanisms and identification of only the
resistance gene rather than being able to investigate the process
involved in resistance, as with culturable bacteria. PCR and quan-
titative PCR have been frequently used to determine the presence
of resistance genes in nature and the effects of agriculture on the
emergence and spread of resistance. The most frequently used
methods to determine the presence of antibiotic resistance in the
environment have been PCR detection, microarray detection or
real-time PCR detection of known resistance genes (Chen et al.,
2007; Koike et al., 2007; Peak et al., 2007; Walsh and Rogers,
2008; Borjesson et al., 2009; Walsh et al., 2010). These techniques
are limited to detecting genes, which are known and have been
sequenced. More recently functional metagenomics have iden-
tified novel resistance genes and antibiotic biosynthesis genes
present in environmental bacteria (Donato et al., 2010; Torres-
Cortés et al., 2011). The direct applications of sequencing have to
date been mostly focused on the elucidation of species variations
within the environment (Kohler et al., 2005; Janssen, 2006; Lauber
et al., 2009; Shange et al., 2012).

The application of functional metagenomics on soil DNA
have identified novel resistance genes and antibiotic biosyn-
thesis genes present in environmental bacteria (Donato et al.,
2010; Torres-Cortés et al., 2011). Functional metagenomics is the
genomic study, without culturing, of a population of microor-
ganisms (Handelsman, 2004). This approach has been applied to
the study of the antibiotic resistome present in environmental
samples (Riesenfeld et al., 2004; Donato et al., 2010; Torres-
Cortés et al., 2011). The advantages of metagenomics are that

the bacterial community can be analyzed for antibiotic resistance
genes without the need to culture these organisms and can be
used to detect as yet unknown antibiotic resistance genes. The
gene’s function is expressed as the antibiotic resistance pheno-
type in the host bacteria. However, the disadvantage lies with
the fact that the host bacteria is frequently Escherichia coli, which
may not be capable of expressing all of the resistance genes,
e.g., strA.

Antibiotic resistance genes and plasmids have been identified
in pristine and agricultural ecosystems using PCR, functional
metagenomics and pyrosequencing tools (Pruden et al., 2006;
Allen et al., 2009; Heuer and Smalla, 2012). Both novel resistance
genes and bifunctional genes were identified in soil from apple
orchards (Donato et al., 2010). The revolution in high-throughput
sequencing has brought unique opportunities and challenges to
the field of environmental microbiology. Since its introduction
in 2005, the number of metagenomic libraries in the database
has increased year by year and following the quantum leaps of
next generation sequencing techniques (Schmieder and Edwards,
2012). Dependent on the sequencing platform, up to 500 Gb
of sequencing data can be generated per single run (Shokralla
et al., 2012).

The complete characterization of the soil antibiotic resistome
requires both culture and non-culture-based approaches. Using
defined guidelines and definitions the scientific community can
standardize the methodologies required. This has proved very
effective in the surveillance of antibiotic resistance, emerging
trends, and novel resistance mechanisms in clinical bacteria. The
advantage of identifying the bacteria associated with the resis-
tance mechanism, if it is a novel mechanism, is that the entire
genetic cascade or pathway leading to resistance can be studied in
depth. However, culture-based techniques alone will only describe
a small fraction of the bacteria present in non-clinical environ-
ments. A combination of culture-based and non-culture-based
standardized techniques will provide a wealth of information on
the composition of the non-clinical antibiotic resistome. The
WHO definition of resistance is the most fitting to non-clinical
environmental studies. The ideal investigation of non-clinical
environments for antibiotic resistance of clinical relevance would
be using standardized guidelines and breakpoints as outlined in
this review.

REFERENCES
Allen, H. K., Moe, L. A., Rodbum-

rer, J., Gaarder, A., and Handelsman,
J. (2009). Functional metagenomics
reveals diverse beta-lactamases in a
remote Alaskan soil. ISME J. 3,
243–251.

Amann, R., Fuchs, B. M., and
Behrens, S. (2001). The iden-
tification of microorganisms by
?uorescence in situ hybridisa-
tion. Curr. Opin. Biotechnol. 12,
231–236.

American Academy of Microbiology.
(2009). Antibiotic Resistance: An Eco-
logical Perspective on an Old Problem
(Washington: American Academy of
Microbiology).

Aminov, R. I. (2009). The role of
antibiotics and antibiotic resistance
in nature. Environ. Microbiol. 11,
2970–2988.

Bhullar, K., Waglechner, N., Pawlowski,
A., Koteva, K., Banks, E. D., Johnston,
M. D., et al. (2012). Antibiotic resis-
tance is prevalent in an isolated cave
microbiome. PLoS ONE 7:e34953.
doi: 10.1371/journal.pone.0034953

Borjesson, S., Dienues, O., Jarnheimer,
P. A., Olsen, B., Matussek, A., and
Lindgren, P. E. (2009). Quantifica-
tion of genes encoding resistance to
aminoglycosides, beta-lactams and
tetracyclines in wastewater environ-
ments by real-time PCR. Int. J. Envi-
ron. Health Res. 19, 219–230.

Cases, I., and de Lorenzo, V. (2005).
Promoters in the environment: tran-
scriptional regulation in its natu-
ral context. Nat. Rev. Microbiol. 3,
105–118.

Chen, J., Yu, Z. T., Michel, F. C.,
Wittum, T., and Morrison, M.
(2007). Development and appli-
cation of real-time PCR assays
for quantification of erm genes
conferring resistance to macrolides-
lincosamides-streptogramin B in
livestock manure and manure man-
agement systems. Appl. Environ.
Microbiol. 73, 4407–4416.

Clinical and Laboratory Standards
Institute. (2006). Methods for Dilu-
tion Antimicrobial Susceptibility Tests

for Bacteria that Grow Aerobically:
Approved Standard, 7th Edn (CLSI
Document M7-A7). Wayne: Clinical
and Laboratory Standards Institute.

Davies, J., and Davies, D. (2010). Ori-
gins and evolution of antibiotic resis-
tance. Microbiol. Mol. Biol. Rev. 74,
417–433.

D’Costa, V. M., Griffiths, E., and Wright,
G. D. (2007). Expanding the soil
resistome: exploring environmental
diversity. Curr. Opin. Microbiol. 10,
481–489.

D’Costa, V. M., McGrann, K. M.,
Hughes, D. W., and Wright,
G. D. (2006). Sampling the
antibiotic resistome. Science 311,
374–377.

Frontiers in Microbiology | Antimicrobials, Resistance and Chemotherapy February 2013 | Volume 4 | Article 19 | 4

http://www.frontiersin.org/Antimicrobials,_Resistance_and_Chemotherapy/
http://www.frontiersin.org/Antimicrobials,_Resistance_and_Chemotherapy/archive


“fmicb-04-00019” — 2013/2/13 — 16:00 — page 5 — #5

Walsh Resistance outside clinic

Donato, J. J., Moe, L. A., Converse,
B. J., Smart, K. D., Berklein, F. C.,
McManus, P. S., et al. (2010). Metage-
nomic analysis of apple orchard soil
reveals antibiotic resistance genes
encoding predicted bifunctional pro-
teins. Appl. Environ. Microbiol. 13,
4396–4401.

European Committee on Antimicro-
bial Susceptibility Testing. (2011).
Clinical Breakpoints. Available at:
http://www.eucast.org/clinical_
breakpoints

Handelsman, J. (2004). Metagenomics:
application of genomics to uncul-
tured microorganisms. Microbiol.
Mol. Biol. Rev. 68, 669–685.

Hawkey, P. (1998). The origins and
molecular basis of antibiotic resis-
tance. BMJ 317, 657–659.

Heuer, H., and Smalla, K. (2012).
Plasmids foster diversification and
adaptation of bacterial populations in
soil. FEMS Microbiol. Rev. 36, 1083–
1104.

Janssen, P. H. (2006). Identifying
the dominant soil bacterial taxa in
libraries of 16S rRNA and 15S rRNA
genes. Appl. Environ. Microbiol. 72,
1719–1728.

Knapp, C. W., Engemann, C. A., Han-
son, M. L., Keen, P. L., Hall, K. J., and
Graham, D. W. (2008). Indirect evi-
dence of transposon-mediated selec-
tion of antibiotic resistance genes in
aquatic systems at low-level oxyte-
tracycline exposures. Environ. Sci.
Technol. 42, 5348–5353.

Kohler, F., Hamelin, J., Gillet, F.,
Gobat, J.-M., and Buttler, A. (2005).
Soil microbial community changes
in wooded mountain pastures due
to simulated effects of cattle grazing.
Plant Soil 278, 327–340.

Koike, S., Krapac, I. G., Oliver, H. D.,
Yannarell, A. C., Chee-Sanford, J. C.,
Aminov, R. I., et al. (2007). Moni-
toring and source tracking of tetra-
cycline resistance genes in lagoons
and groundwater adjacent to swine
production facilities over a 3-year
period. Appl. Environ. Microbiol. 73,
4813–4823.

Lagier, J. C., Armougom, F., Million,
M., Hugon, P., Pagnier, I., Robert, C.,
et al. (2012). Microbial culturomics:
paradigm shift in the human gut
microbiome study. Clin. Microbiol.
Infect. 18, 1185–1193.

Lata, P., Ram, S., Agrawal, M., and
Shanker, R. (2009). Real time PCR

for the rapid detection of vanA gene
in surface waters and aquatic macro-
phyte by molecular beacon probe.
Environ. Sci. Technol. 43, 3343–3348.

Lauber, C. L., Hamady, M., Knight,
R., and Fierer, N. (2009).
Pyrosequencing-based assessment
of soil pH as a predictor of soil
bacterial community structure at
the continental scale. Appl. Environ.
Microbiol. 75, 5111–5120.

Leclercq, R., Cantón, R., Brown,
D. F., Giske, C. G., Heisig, P.,
Macgowan, A. P., et al. (2011).
EUCAST expert rules in antimi-
crobial susceptibility testing. Clin.
Microbiol. Infect. doi: 10.1111/j.1469-
0691.2011.03703.x [Epub ahead of
print].

McGarvey, K. M., Queitsch, K., and
Fields, S. (2012). Wide variation in
antibiotic resistance proteins iden-
tified by functional metagenomic
screening of a soil DNA library. Appl.
Environ. Microbiol. 78, 1708–1714.

Nordmann, P., and Poirel, L. (2005).
Emergence of plasmid-mediated
resistance to quinolones in Enter-
obacteriaceae. J. Antimicrob.
Chemother. 56, 463–469.

Oliver, A., Pérez-Díaz, J. C., Coque,
T. M., Bacquero, F., and Cantón,
R. (2001). Nucleotide sequence
and characterization of a novel
cefotaxime-hydrolyzing beta-
lactamase (CTX-M-10) isolated in
Spain. Antimicrob. Agents Chemother.
45, 616–620.

Peak, N., Knapp, C. W., Yang, R. K.,
Hanfelt, M. M., Smith, M. S., Aga,
D. S., et al. (2007). Abundance of
six tetracycline resistance genes in
wastewater lagoons at cattle feedlots
with different antibiotic use strate-
gies. Environ. Microbiol. 9, 143–151.

Popowska, M., Rzeczycka, M., Miernik,
A., Krawczyk-Balska, A., Walsh,
F., and Duffy, B. (2012). Influ-
ence of soil use on prevalence of
tetracycline, streptomycin, and ery-
thromycin resistance and associated
resistance genes. Antimicrob. Agents
Chemother. 56, 1434–1443.

Pruden, A., Pei, R. T., Storteboom, H.,
and Carlson, K. H. (2006). Antibiotic
resistance genes as emerging contam-
inants: studies in northern Colorado.
Environ. Sci. Technol. 40, 7445–7450.

Riesenfeld, C. S., Goodman, R. M., and
Handelsman, J. (2004). Uncultured
soil bacteria are a reservoir of new

antibiotic resistance genes. Environ.
Microbiol. 6, 981–989.

Rosenblatt-Farrell, N. (2009). Antibi-
otics in the environment. Environ.
Health Perspect. 117, A248–A250.

Schmieder, R., and Edwards, R. (2012).
Insights into antibiotic resistance
through metagenomic approaches.
Future Microbiol. 7, 73–89.

Shange, R. S., Ankumah, R. O., Ibekwe,
A. M., Zabawa, R., and Dowd,
S. E. (2012). Distinct soil bac-
terial communities revealed under
a diversely managed agroecosys-
tem. PLoS ONE 7:e40338. doi:
10.1371/journal.pone.0040338

Shokralla, S., Spall, J. L., Gibson, J.
F., and Hajibabaei, M. (2012). Next-
generation sequencing technologies
for environmental DNA research.
Mol. Ecol. 21, 1794–1805.

Spellberg, B., Powers, J. H., Brass, E.
P., Miller, L. G., and Edwards, J.
E. Jr. (2004). Trends in antimicro-
bial drug development: implications
for the future. Clin. Infect. Dis. 38,
1279–1286.

Staley, J. T., and Konopka, A. (1985).
Measurement of in situ activities of
nonphotosynthetic microorganisms
in aquatic and terrestrial habitats.
Annu. Rev. Microbiol. 39, 321–346.

Torres-Cortés, G., Millán, V., Ramírez-
Saad, H. C., Nisa-Martínez, R.,
Toro, N., and Martínez-Abarca, F.
(2011). Characterization of novel
antibiotic resistance genes identi-
fied by functional metagenomics on
soil samples. Environ. Microbiol. 13,
1101–1114.

Turnidge, J., Kahlmeter, G., and Kro-
nvall, G. (2006). Statistical charac-
terisation of bacterial wild-type MIC
value distributions and the deter-
mination of epidemiological cut-off
values. Clin. Microbiol. Infect. 12,
418–425.

VanInsberghe, D., Hartmann, M., Gor-
don, S. R., and Mohn, W. W. (2013).
Isolation of a substantial proportion
of bacterial forest soil communities as
detected via pyrotag sequencing. doi:
10.1128/AEM.03112-12 [Epub ahead
to print].

Volkmann, H., Schwartz, T., Bischoff,
P., Kirchen, S., and Obst, U.
(2004). Detection of clinically rel-
evant antibiotic-resistance genes in
municipal wastewater using real-time
PCR (TaqMan). J. Microbiol. Methods
56, 277–286.

Waksman, S. A. (1973). History of the
word “antibiotic”. J. Hist. Med. Allied
Sci. 28, 284–286.

Walsh, F., and Rogers, T. R. (2008).
Detection of blaVIM-2 carbapene-
mase in Pseudomonas aeruginosa in
Ireland. J. Antimicrob. Chemother. 61,
219–220.

Walsh, F., Cooke, N. M., Smith, S. G.,
Moran, G. P., Cooke, F. J., Ivens,
A., et al. (2010). Comparison of
two DNA microarrays for detection
of plasmid-mediated antimicrobial
resistance and virulence factor genes
in clinical isolates of Enterobacte-
riaceae and non-Enterobacteriaceae.
Int. J. Antimicrob. Agents 35, 593–598.

Zhang, T., Zhang, X. X., and Ye,
L. (2011). Plasmid metagenome
reveals high levels of antibiotic resis-
tance genes and mobile genetic ele-
ments in activated sludge. PLoS
ONE 6:e26041. doi: 10.1371/jour-
nal.pone.0026041

Zheng, B., Tan, S., Gao, J., Han, H.,
Liu, J., Lu, G., et al. (2011). An unex-
pected similarity between antibiotic-
resistant NDM-1 and beta-lactamase
II from Erythrobacter litoralis. Protein
Cell 2, 250–258.

Conflict of Interest Statement: The
author declares that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 29 October 2012; accepted:
27 January 2013; published online: 15
February 2013.
Citation: Walsh F (2013) Investigating
antibiotic resistance in non-clinical envi-
ronments. Front. Microbio. 4:19. doi:
10.3389/fmicb.2013.00019
This article was submitted to Fron-
tiers in Antimicrobials, Resistance and
Chemotherapy, a specialty of Frontiers in
Microbiology.
Copyright © 2013 Walsh. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

www.frontiersin.org February 2013 | Volume 4 | Article 19 | 5

http://www.eucast.org/clinical_breakpoints
http://dx.doi.org/10.3389/fmicb.2013.00019
http://dx.doi.org/10.3389/fmicb.2013.00019
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Antimicrobials,_Resistance_and_Chemotherapy/archive

	Investigating antibiotic resistance in non-clinical environments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


