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Abstract
Although historically, antibiotic resistance has occurred 
naturally in environmental bacteria, many questions remain 
regarding the specifics of how humans and animals contribute 
to the development and spread of antibiotic resistance in 
agroecosystems. Additional research is necessary to completely 
understand the potential risks to human, animal, and ecological 
health in systems altered by antibiotic-resistance-related 
contamination. At present, analyzing and interpreting the 
effects of human and animal inputs on antibiotic resistance in 
agroecosystems is difficult, since standard research terminology 
and protocols do not exist for studying background and 
baseline levels of resistance in the environment. To improve 
the state of science in antibiotic-resistance-related research in 
agroecosystems, researchers are encouraged to incorporate 
baseline data within the study system and background data 
from outside the study system to normalize the study data and 
determine the potential impact of antibiotic-resistance-related 
determinants on a specific agroecosystem. Therefore, the aims of 
this review were to (i) present standard definitions for commonly 
used terms in environmental antibiotic resistance research and (ii) 
illustrate the need for research standards (normalization) within 
and between studies of antibiotic resistance in agroecosystems. 
To foster synergy among antibiotic resistance researchers, a 
new surveillance and decision-making tool is proposed to assist 
researchers in determining the most relevant and important 
antibiotic-resistance-related targets to focus on in their given 
agroecosystems. Incorporation of these components within 
antibiotic-resistance-related studies should allow for a more 
comprehensive and accurate picture of the current and future 
states of antibiotic resistance in the environment.
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The environment is now recognized as a source 
and reservoir of antibiotic resistance with antibiotic-
resistant bacteria (ARB) and antibiotic resistance genes 

(ARGs) present in soil and water systems (Gibbs et al., 2006; 
Zhang et al., 2009b; Aminov, 2010, Munir and Xagoraraki, 
2011; Durso et al., 2012; Forsberg et al., 2014). Resistance 
can be spread between environmental bacteria and pathogens 
as a result of horizontal gene transfer (HGT) (Benveniste and 
Davies, 1973; Cantón, 2009; Sommer et al., 2009; de la Cruz 
and Davies, 2000; Wright 2010). However, the actual rates at 
which these transfers of genetic material occur in natural envi-
ronments or agroecosystems are unknown. With antibiotic 
resistance prevalent in terrestrial and aquatic agricultural ecosys-
tems, understanding the development and spread of antibiotic 
resistance in agroecosystems is imperative in protecting human, 
animal, and ecological health.

Factors Influencing Antibiotic Resistance
The mechanisms driving the selection for antibiotic resistance 

are similar in pathogens, commensals, and indigenous environ-
mental bacteria. Adaptations could be influenced by exposure to 
(i) antibiotics, (ii) ARB and other environmental organisms, and 
(iii) ARGs (Datta and Hughes, 1983; Davison, 1999; Alonso et 
al., 2001; Guardabassi et al., 2005; Martínez, 2009b). The con-
tinuous release of antibiotics and ARGs from human and agri-
cultural inputs is thought to promote the selection of antibiotic 
resistance that is maintained and spread among the microbiota 
throughout ecosystems (Kümmerer, 2004; Baquero et al., 2008; 
Martínez, 2009a).

The presence of other contaminants, such as disinfectants, 
detergents, and metals in terrestrial and aquatic environments, 
also contributes to the evolution and spread of resistant organ-
isms (Alonso et al., 2001; Baquero et al., 2008). Metals are of par-
ticular interest, as they can serve as agents in the coselection and 
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maintenance of antibiotic resistance (Hernández et al., 1998; 
Stepanauskas et al., 2006), where the metal resistance genes and 
ARGs are often located together on the same genetic element 
(i.e., plasmid, transposon, integron) (Baker-Austin et al., 2006). 
Metal resistance plasmids are known to predate anthropogenic 
uses of antibiotics, but the emergence of integron-carrying trans-
posons with both metal resistance genes and ARGs is suspected 
to be a relatively recent phenomenon (Mindlin et al., 2005). 
Although it is commonly assumed that antibiotic resistance will 
decline when anthropogenic uses of antibiotics are reduced, 
abiotic factors may help to maintain the resistome within agro-
ecosystems as occurs similarly in background environments that 
lack anthropogenic disturbance (Singer et al., 2006). Therefore, 
biotic and abiotic metadata should be collected and used to eval-
uate the persistence, dissemination, and colonization of ARB in 
the environment.

Issues Linking Antibiotics and Antibiotic 
Resistance to Sources

Selecting what antibiotic resistance input or outcome to 
analyze is crucial in determining what can be reliably measured, 
how it can be measured, and what statements can be made about 
antibiotic resistance in that environment (Levy, 2002). The 
three antibiotic resistance parameters typically measured (i.e., 
antibiotic compounds, ARB, ARGs) are biologically linked in 
most cases (Davies and Davies, 2010) but are not necessarily 
interchangeable and may not directly correlate to one another 
(Martínez and Baquero, 2002). If a certain level of drug is pres-
ent in the environment, then ARB and ARG levels will not nec-
essarily demonstrate the same pattern. For example, a number of 
different ARGs are known to confer resistance to a single drug, 
as seen with the multitude of ARGs for tetracycline (Huang et 
al., 2014), while single ARGs, like those for multidrug efflux 
pumps, can confer resistance to multiple drugs (Nikaido, 2009).

Knowledge of the types of genes that confer resistance to par-
ticular antibiotics is necessary when analyzing an affected envi-
ronment. For example, when attempting to infer an impact of 
sulfonamide drugs entering a system, analyzing for ARGs known 
to be associated with sulfonamides rather than ARGs associ-
ated with other drugs would produce the most reliable results 
and findings. Additionally, certain ARGs have a limited host 
range, while others cross many physiological barriers (Chopra 
and Roberts, 2001; Kohanski et al., 2010; Soares et al., 2012). 
Furthermore, knowledge of the specific organisms that carry 
these genes, how transferable these genes are, and evidence of 
epidemiological impacts of these genes need to be considered 
before drawing any conclusions about their influence on human 
or animal health. Understanding the susceptibility of bacteria to 
a particular antibiotic drug is also key information for analyses of 
ARBs, since certain drugs are not effective against Gram-positive 
or Gram-negative bacteria because of physiological differences. 
As a result of the complex and intricate nature of antibiotic resis-
tance, systematic methods for the analysis of environmental anti-
biotic resistance as well as general terminology are necessary to 
accurately analyze and understand antibiotic resistance in a given 
agroecosystem.

The goal of this review is to look at different types of antibi-
otic resistance levels that need to be considered in agroecosystem 

research, specifically, levels in environments devoid of anthropo-
genic influence (background) or levels in environments before 
the application of antibiotics, or before the beginning of specific 
research studies (baseline). To standardize research on this topic, 
the definitions of the major terms related to background and 
baseline level antibiotic resistance will be discussed as will the 
need to normalize research efforts not only within studies but 
also between them. The current state of the research in the variety 
of agroecosystems will then be reviewed. Using this information, 
and information based on the current global antibiotic surveil-
lance efforts, a new decision-making tool for the determination 
of the most relevant antibiotics to investigate in a given agroeco-
system is described. This information should help to standardize 
not only the lexicon of antibiotic resistance researchers but also 
help to standardize research studies to help scientifically address 
the multitude of complex questions that exist in this discipline.

Definitions Establishing Standard 
Language
Antimicrobial versus Antibiotic

The terms antimicrobial and antibiotic are often used inter-
changeably in various publications. Here, the term antimicrobial 
is defined as a natural, semisynthetic or synthetic chemical that 
kills or inhibits the growth of microorganisms such as bacteria, 
fungi, viruses, and protozoa. Antimicrobials that kill organisms 
are called cidal agents, while those that inhibit or slow growth 
are called static agents. The term antibiotic is used to describe the 
subset of antimicrobials that target bacteria. For the purpose of 
this series of review papers, the term antibiotic will be used (not 
antimicrobial), as we focus on compounds that are used specifi-
cally against bacteria and can potentially exert selective pressure 
when at subinhibitory concentrations.

Background and Baseline Levels of Antibiotic Resistance 
in the Environment

Since bacteria and fungi have been producing antibiotics 
for hundreds of millions of years (D’Costa et al., 2011), ARGs 
have likely been a part of the endemic resistome for just as long 
(Barlow and Hall, 2002; Wright and Poinar, 2012). While 
research in isolated and pristine environments indicates that 
antibiotic resistance is indeed an ancient phenomenon (Bhullar 
et al., 2012; Brown and Balkwill, 2009; Miteva et al., 2004;), 
additional evidence supports the hypothesis that the elevated 
presence of ARGs is a modern occurrence linked to human 
activities (Heuer et al., 2011; Knapp et al., 2010; Pruden et al., 
2006). Considering the global hydrologic cycle and long-range 
airborne transport of particulate matter and microbes, it is very 
unlikely that any environments can be considered truly pristine 
(Allen et al., 2010).

Nevertheless, since antibiotic resistance is both of natural and 
anthropogenic origin, a need for data on background (i.e., native) 
and baseline (i.e., reference) levels of ARB and ARGs is necessary. 
Background and baseline data can, then, be used to understand 
the ecology and evolution of antibiotic resistance in agroeco-
systems and evaluate the effectiveness of agricultural best man-
agement practices (Durso and Cook, 2014). This information 
is potentially urgent, since the numbers of clinically important 
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antibiotics are in steady decline as a result of the rapid appearance 
of resistant strains (Alanis, 2005; Smith and Coast, 2013).

A universally accepted definition for background levels of ARB 
and ARGs in the literature does not appear to exist; therefore, an 
attempt will be made to provide definitions that could be adopted 
within the scientific community. The word background, based 
on our interpretation of uses in other disciplines, can be defined 
as the level or concentration of a constituent in an environment 
not influenced by localized human activities. Background levels 
are those that are naturally occurring, or anthropogenic in some 
cases, if not the result of a site-specific practice. If ARB and ARG 
levels are to be quantified in a given agroecosystem (e.g., manure-
amended field), then representative background soils from the 
area should be collected for comparative purposes. A similar 
approach can be applied to surface and groundwaters as long as 
background samples are collected outside the site-specific affected 
area. Sampling plans should be properly designed to accurately 
and precisely represent the spatial heterogeneity of the resistome 
within the background and agricultural environments.

While background comparisons should be an integral part 
of any antibiotic resistance investigation, establishment of base-
line levels for resistance in agroecosystems is just as important. 
Numerical averages and ranges of antibiotic drugs and ARB and 
ARG levels at the beginning of the study should be calculated 
and defined as baseline. Clearly, the measured parameters of a 
study (e.g., type of samples, number of samples, length of sam-
pling period) are defined based on the objectives. However, base-
line levels should be included in all studies to permit accurate 
assessment of changes and to validate results and interpretation 
of causal effects on ARB and ARGs in an agroecosystem. Studies 
that do not include a temporal component (e.g., monitoring 
study where samples are only collected once) present a challenge 
in this regard, and in these instances, the inclusion of control 
samples is strongly encouraged.

Importance of Normalization: Within and between 
Antibiotic Resistance Studies

Antibiotic-resistant bacteria and ARGs are ubiquitous in 
environmental systems (gut, manure, soil, and water), whereas 
antibiotic resistance type, proliferation, and persistence are 
dependent on the ecosystem, environmental conditions, and 
type of exposure (Kopmann et al., 2013; Udikovic-Kolic et al., 
2014; Gibson et al., 2015). Resistance elements serve diverse 
functions in natural communities (i.e., cell signaling, biofilm 
formation, and resistance to metals) and altering these processes 
may have unexpected consequences on natural community func-
tions (Martínez, 2008). Recent studies demonstrate that soils 
harbor a large diversity of ARGs. Therefore, increased exposure 
of soil bacteria to antibiotics may promote alterations of ARGs 
in native microbial populations (Forsberg et al., 2012, 2014; 
Gibson et al., 2015).

In view of the evidence concerning impacts of natural and 
environmental factors on microbial communities, results from 
agroecosystem studies should be interpreted cautiously and take 
into account existing factors. Normalizing antibiotic resistance 
from agroecosystem studies against background and baseline 
populations, as well as environmental conditions if possible, will 
(i) permit evaluation of significant changes in the occurrence of 

ARB or ARGs within a study, (ii) improve the ability to compare 
results between studies, and (iii) identify the true link between 
agricultural or environmental activities and treatments.

Given the diversity in concentration, source, and cause of 
antibiotic resistance in agroecosystems, informed decisions 
should be made about how background and baseline levels are 
determined and what resistance to evaluate (Durso and Cook, 
2014). The research question must be clearly defined and the rel-
evant background or baseline levels of antibiotic drugs, ARB and 
ARGs established so that the data provide an accurate assessment 
of impact (on human or environmental systems) or relevance of 
management practice. In addition to baseline levels, broader 
information critical to understanding these baseline levels should 
be considered, including antibiotic use across human, animal, 
crops within that given environment; presence or absence of 
agriculture and aquaculture in the area; and movement of wild-
life and ARB and ARGs within these populations. The experi-
mental design of agroecosystem studies may be observational or 
experimental, while the ultimate goals of many of these studies 
are risk identification and risk management:
•	 What is present, how does it affect, and how is it affected by 

the systems and how can it be managed?
•	 Are observed antibiotic-resistance-related changes a result 

of populations introduced with manure, those responding 
to manure addition, or do they originate from external 
sources (wildlife, insects, water, etc.)?

•	 How important to the research question are current or past 
sources of antibiotic resistance contamination?

•	 How important is the source of the antibiotic drug, ARB, 
or ARG?

•	 How well do results reflect significant, relevant, and reliable 
information that can be used to advance the state of the 
science?

In this context, various antibiotic-resistance-related microbial 
communities exist within agroecosystems, and each needs to be 
considered during the experimental design phase of any antibiotic 
resistance study. These microbial communities associated with 
antibiotic resistance may fit into three broad categories: (i) back-
ground or native, (ii) selected, or (iii) adapted. As discussed ear-
lier, native ARB are ubiquitous in the environment, have been 
developed over millennia of selection, and have diverse functions 
(e.g., signaling, biofilm formation, metal tolerance). Selected 
ARB are the subset of the native microbial community that are 
enriched in impacted environments following the application of 
manures or wastewater or as a result of the release of antibiotic 
compounds. Adapted ARB are gastrointestinal-tract-associated 
communities that may enter into the environment through fecal 
matter (applied, released, or treated) and become incorporated 
into the soil flora where persistence depends on environmental 
and ecological factors. Antibiotic-resistance-related stresses may 
have both direct and indirect impacts on these adapted com-
munities (e.g., antibiotic application directly affects the adapted 
community, which ultimately indirectly effects the selected com-
munity). Therefore, to accurately assess treatment and applica-
tion effects and baseline and background antibiotic resistance 
levels, careful consideration should be given to which of these 
communities are being affected and which are being included 
within the experimental design of the study.
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Challenges in Measuring  
Background Levels

Even in studies that are scientifically sound, the lack of appro-
priate background data for ARB and ARGs limits the ability to 
determine the role that agricultural practices play in the abun-
dance and persistence of ARB and ARGs in agroecosystems. In 
agroecosystems, finding areas without anthropogenic influences 
could be challenging especially if agricultural operations occupy 
most of the available surrounding areas. If possible, one should 
target representative background environments in close prox-
imity to the agroecosystem of interest. Areas beyond the local 
environment (as defined by each study) extending into another 
region could also be considered if necessary; however, regional 
differences in gene diversity could occur and should be taken 
into account (Schmitt et al., 2006). Although native, isolated, 
and pristine environments can potentially become contaminated 
to some degree with ARB and ARGs through deposition and 
sedimentation of aerosolized materials (McEachran et al., 2015), 
these environments should still be considered background.

The rest of this section highlights some specific examples 
from the scientific literature where background locations were 
included in research studies to address ARB and ARGs in 

various agroecosystems. Table 1 describes the background or 
baseline antibiotic resistance levels as defined by a sampling of 
additional studies as well as their pertinent antibiotic-resistance-
related findings.

Livestock Manure (Production and Land Application)
In manure management systems, characterizing background 

antibiotic resistance levels is challenging since these are engi-
neered systems that do not exist in the native environment. 
Ideally, when measuring antibiotic drugs, ARB or ARGs in 
engineered manure management systems, sites that do not pro-
phylactically or therapeutically use drugs, would be included as 
controls. While the complete absence of antibiotics at conven-
tional livestock operations is not likely, these sites can be used 
to better understand antibiotic resistance evolution in manure 
ponds, lagoons, pits, and tanks. Determining antibiotic resis-
tance levels in manure samples directly from animals never 
treated with antibiotics before manure handling and storage 
would also be beneficial.

Within the on-farm environment, some studies have tried 
to determine background or baseline levels of antibiotic resis-
tance by comparing the feces of livestock fed antibiotic diets vs. 
those that were fed antibiotic-free or organic diets. Data from a 

table 1. select studies where antibiotic resistance was addressed in background environments.

environment impacted location background location target† references
Soil Agricultural, urban Forest, prairie, swamp ARB Dantas et al., 2008; 

Forsberg et al., 2012
Fields with genetically modified and non-

genetically modified corn
Prairie ARB Demanèche et al., 2008

Agricultural, urban Mountain, meadow ARB Walsh and Duffy, 2013
Aquaculture facilities Catfish intestinal contents, water, and 

sediment samples from 22 catfish 
aquaculture ponds

Catfish intestinal contents, water, 
and sediment from five rivers

ARB McPhearson et al., 1991

Sediment at 12 abandoned aquaculture 
facilities on the west coast of Norway

Sediment at three distant 
locations from the aquaculture 
facilities

ARB Husevåg et al., 1991

Sediment at a coastal aquaculture facility Sediment 140 m away from the 
fish cages

ARG Nonaka et al., 2007

Water from raceways, ponds, and effluent 
from four facilities; sediments were 
from select locations

Surface and ground waters from 
influent sources

ARG Seyfried et al., 2010

Sediment from four facilities located in 
northern Baltic Sea

Sediments from open waters 200 
to 1000 m away from facilities

ARG Tamminen et al., 2011

Surface waters Sediment and water from river that 
passes through region with agricultural 
and urban influences

Sediment and water at the 
source of the river with no 
human activity

ARG Pei et al., 2006; 
Storteboom et al., 2010

River sediments 50 m to 17.5 km 
downstream from wastewater 
treatment plants

River sediments 5 m to 1.9 km 
upstream from wastewater 
treatment plants

ARG, 
integronstransposons, 

and plasmids

Kristiansson et al., 2011

Various interconnected rivers that receive 
agricultural, municipal, and industrial 
discharges

Upstream reservoir near the 
source of main river with little 
human activity

ARG, ARB Ran et al., 2010

Livestock operations Air inside swine houses and 25 to 150 m 
downwind

Air 25 m upwind from the swine 
houses

ARB Gibbs et al., 2004, 2006

Air 10 to 20 m downwind from 10 beef 
cattle feed yards

Air 10 to 20 m upwind from the 
feed yards

ARG McEachran et al., 2015

Feces from swine herds that used 
antibiotics in subtherapeutic and 
therapeutic doses

Feces from swine herds that 
have not use antibiotics from 
4 to 28 yr

ARB Mathew et al., 2001

Stored and treated manure, ground and/
or surface water, and manure-amended 
soils from conventional swine herds 
that use subtherapeutic doses

Same samples, but from 
antibiotic free (organic) swine 
herds

ARG, ARB Jindal et al., 2006;  
Zhou et al., 2009

† ARB, antibiotic-resistant bacteria; ARG, antibiotic resistance gene.
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number of studies indicate that fresh and stored animal manures 
are a reservoir of ARB and ARGs (Brooks and McLaughlin, 
2009; Duriez and Topp, 2007; Durso et al., 2012; Zhang et al., 
2013), although these levels are generally lower at farms where 
antibiotics are not administered ( Jindal et al., 2006; Mathew et 
al., 2001; Zhou et al., 2009). Both antibiotic-resistant Escherichia 
coli (Alexander et al., 2008, 2009) and ARGs (Alexander et al., 
2011) were higher in cattle fed a variety of subtherapeutic anti-
biotic-amended diets as compared with cattle fed an antibiotic-
free diet. Notably, control manure contained the target ARB and 
ARGs in all cases, just at a lower prevalence or abundance, indi-
cating inherent antibiotic-resistant populations within livestock 
feces without specific administration of antibiotics.

In terms of land application of manure and its effect on anti-
biotic resistance within the soils, specific trends have not been 
determined. One study found that sulfonamide ARGs were 
significantly higher in soils amended with sulfadiazine-treated 
swine manure than in soils treated with manure from non-
treated swine ( Jechalke et al., 2013). Another study showed 
that antibiotic-resistance-related integrons present within ARB 
were significantly higher in manured soils than in control soils 
(Byrne-Bailey et al., 2011). Alternatively, other studies have 
shown varied results including manure application to soils result-
ing in no significant increase in ARB compared with inorgani-
cally fertilized soils (Marti et al., 2013), changes in ARGs after 
manure application that were site specific (Marti et al., 2014), or 
manure amendment of soils increasing ARG abundance regard-
less of animals receiving antibiotic treatment (Udikovic-Kolic et 
al., 2014). A more extensive discussion of antibiotic resistance 
related to land application of manure is found in the review by 
Chee-Sanford et al. (2009).

Soils
Given that prehistoric soils contained ARGs (D’Costa et al., 

2011), the degree to which the modern soil resistome has been 
influenced by human antibiotic use since the beginning of the 
antibiotic era is not evident. Regardless, an understanding of 
the antibiotic resistance reservoir in modern background soils is 
necessary when attempting to gauge the influence of agricultural 
practices. Few studies to date have characterized the resistome 
of native soils, with even fewer studies of antibiotic resistance in 
agricultural soils including background soils. One study evaluat-
ing multidrug resistant (MDR) bacterial isolates compared agri-
cultural and urban soils with pristine soils from mountain and 
meadow locations and concluded that anthropogenic use of soils 
did not appear to influence variations in resistance levels (Walsh 
and Duffy, 2013).

In a comprehensive study of urban, agricultural, and forest 
soils, Streptomyces strains were found to be MDR on average to 
seven or eight antibiotics, with two of these strains resistant to 
15 antibiotics (D’Costa et al., 2006). This study suggested that 
soils are a reservoir of resistance with the potential to emerge in 
other systems as a result of HGT. Using high-throughput func-
tional metagenomics, Forsberg et al. (2012) screened a collec-
tion of proteobacterial isolates from native, farmland, and urban 
soils and found that 44% of the genes conferred resistance to 
multiple antibiotics, while an additional 25% were categorized 
as resistance related. An analysis of the ARG composition of 
over 6000 microbial genomes found that environmental and 

human-associated microbial communities harbor distinct ARGs 
(Gibson et al., 2015). A comparison of ARGs from soil to those 
in human pathogens found that HGT occurred more frequently 
in pathogen genomes than in soil genomes (Forsberg et al., 2014). 
This study suggested that the large diversity of ARGs in soils 
might favor preexisting genotypes rather than selecting for new 
ARGs, a finding supported by a recent paper by Udikovic-Kolic 
et al. (2014). Additional information about the soil resistome in 
native and farmed soils can be found in two recent review papers 
authored by Cytryn (2013) and D’Costa et al. (2006).

Biosolids (Land Application)
Numerous studies have shown that ARB and ARGs related 

to quinolones (Lindberg et al., 2006; Kaplan et al., 2013), tetra-
cyclines (Huang et al., 2014; Li et al., 2013), and sulfonamides 
(Collado et al., 2013; Gnida et al., 2014) could be found within 
various types of biosolids (nutrient rich organic matter that 
is a by-product of wastewater and sewage sludge treatment). 
Additionally, several antibiotic resistance plasmids including 
MDR pAS1 and RP4 carrying resistance to tetracycline, chlor-
amphenicol, ampicillin, kanamycin, and many other antibiotics 
have been found in the diverse bacterial communities of acti-
vated sludge (Dröge et al., 2000; Parsley et al., 2010; Soda et al., 
2008; Zhang et al., 2011).

Data is currently not available on background or baseline 
levels of antibiotic resistance during biosolid formation in waste-
water treatment plants. Recent studies have compared antibi-
otic resistance in soils amended with biosolids (typically class B 
biosolids) with representative soils that were not, but the results 
have been contradictory (Brooks et al., 2007; D’Costa et al., 
2006; Munir and Xagoraraki, 2011). For example, Brooks et al. 
(2007) found that over a 15-mo period following land applica-
tion of class B biosolids, the percentage of cultivable ARB related 
to ampicillin, cephalothin, ciprofloxacin, and tetracycline were 
not increased relative to background soil levels. When looking 
at ARGs related to tetracycline and sulfonamide resistance fol-
lowing the application of class B biosolids at two different sites, 
Munir and Xagoraraki (2011) found that ARG levels were sig-
nificantly elevated by 1 to 5 log concentrations compared with 
background levels at one site. However, the ARG concentrations 
at the other site were not elevated compared with background 
levels, indicating that the characteristics of the receiving soil play 
a large role in determining the antibiotic resistance changes after 
biosolid application.

Crop Production
The use of antibiotics to control bacterial diseases in plants 

has been implicated as a pathway that facilitates the selection 
of antibiotic resistance in human and plant pathogens via the 
food chain and potentially contaminates the surrounding envi-
ronment (Stockwell and Duffy, 2012). The spraying of strep-
tomycin alone (English and VanHalsema, 1954; Stockwell and 
Duffy, 2012) or in combination with oxytetracycline (Moller et 
al., 1981) has been used in pear (Pyrus communis L.) and apple 
(Malus domestica Borkh.) production to control Erwinia amy-
lovora, the causative agent of fire blight, and within a few years, 
streptomycin-resistant E. amylovora were detected (Bennett and 
Billing, 1975; Jones and Schnabel, 2000). Metal-containing solu-
tions have been sprayed on fruit trees to treat plant infections 
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including fire blight, which resulted in the coselection of antibi-
otic resistance driven by environmental exposure to Cu and other 
metal contaminants (e.g., Zn, Cd, Hg, As) (Baker-Austin et al., 
2006; Stepanauskas et al., 2006; Seiler and Berendonk, 2012).

Ruimy et al. (2010) found no difference in the recovery of 
MDR Gram-negative bacteria between fruits and vegetables 
grown conventionally than those grown organically according 
to France’s organic standards (Ruimy et al., 2010). A US-based 
study similarly reported little difference in the recovery of MDR 
Gram-negative bacteria from organic and conventional spinach 
(Spinacia oleracea L.) production (Raphael et al., 2011). Another 
option for a baseline comparison in these systems would be the 
use of inorganic fertilizers if the impact of livestock manure 
applications was being considered. Marti et al. (2013) conducted 
a study to assess the abundance of ARB and frequency of ARGs 
in soil and on vegetables in manured soils, with control plots 
(baseline) receiving inorganic fertilizer (i.e., urea). As expected, 
soil amended with swine or dairy manure was enriched in ARB 
and ARGs, but there was no corresponding increase in ARB and 
ARGs on vegetables grown in manured soil.

Waters
Elevated levels of antibiotic drugs, ARB, and ARGs in sur-

face and ground waters are often associated with urban and 
agricultural sources such as livestock operations, fields receiving 
manures and biosolids (Chee-Sanford et al., 2009; Garder et al., 
2014), and effluent from wastewater treatment plants (Munir et 
al., 2011). Compared with up-gradient (background) ground-
water samples that were free of tetracycline resistance genes, 
ARGs for tetracycline were detected 250 m down gradient from 
swine lagoons, indicating that waste was seeping into the under-
lying groundwater. Sapkota et al. (2007) reported similar results 
with a higher percentage of antibiotic-resistant enterococci in 
down-gradient surface water and groundwater than up-gradient 
water sources in relation to a swine facility. In a study designed 
to track tetracycline and sulfonamide ARGs in the Poudre and 
South Platte rivers in the same watershed, a correlation was 
found with gene frequencies in locations downstream and adja-
cent to landscape that contained wastewater treatment plants 
and livestock operations (Storteboom et al., 2010). Compared 
with background river water samples collected upstream, some 
ARGs [i.e., tet(C), sul(I), and sul(II)] were detected with greater 
frequency in the impacted river sites, while tet(W) and tet(M) 
were detected at the same frequency.

Antibiotic resistance genes and ARB can also be associated 
with sediments in surface water systems, which have the potential 
to be resuspended and transported elsewhere. In Poudre River 
sediments, Pei et al. (2006) discovered that ARG levels were sig-
nificantly lower at an upstream site than impacted downstream 
sites. Use of a background river site was crucial in demonstrat-
ing that agricultural and urban activities were responsible for 
the presence of antibiotics in downstream river sediments, thus 
resulting in increased antibiotic resistance among the microbial 
population.

Aquaculture
Assessing the use of antibiotics in aquaculture is exception-

ally difficult given the broad global distribution, large size of 
the industry, as well as diversity in production conditions, local 

practices, laws, and fish species (Cabello et al., 2013). In addi-
tion, evaluating patterns of antimicrobial resistance is difficult 
when surveillance data for farmed fish are limited and monitor-
ing of environmental contaminants near aquaculture facilities is 
usually not done. A wide variety of antibiotics are added to fish 
feed, which has resulted in the emergence of ARB in aquaculture 
environments, increases of antibiotic resistance in fish patho-
gens, transfer of ARGs to terrestrial animal and human patho-
gens, and alterations of the microbial flora in sediments and 
the water column (Cabello, 2006). Given that HGT has been 
repeatedly demonstrated within aquaculture systems (Casas et 
al., 2005; Furushita and Shiba, 2007; Sobecky and Hazen, 2009; 
McDaniel et al., 2010), the antibiotic resistance potential within 
aquaculture and the risks associated with this potential need to 
be considered.

Although some studies investigating ARB and ARGs in 
waters and sediments at aquaculture farms (fish, shrimp) have 
not considered and quantified background levels (Tendencia and 
de la Peña, 2001; Gao et al., 2012), many studies have incorpo-
rated background levels by sampling influent and nearby envi-
ronments not impacted by aquaculture (Schmidt et al., 2000; 
Seyfried et al., 2010; Tamminen et al., 2011). In the latter reports, 
ARB and ARG levels were found to be significantly higher than 
background levels in most cases. These findings demonstrate 
the utility of obtaining background samples when conducting 
investigations into the environmental occurrence of antibiotic 
resistance in agroecosystems. The collection of samples from 
aquaculture farms without recent antibiotic use history should 
be considered but not used as a substitute for background sam-
ples, as ARB and ARGs have been documented to persist at these 
farms as well (McPhearson et al., 1991; Seyfried et al., 2010; 
Tamminen et al., 2011).

Surveillance and a Proposed  
Decision-making Tool
Role of Surveillance in Determining Baseline Antibiotic 
Resistance Levels

Normalization among data sets is only possible when similar 
metrics, methodologies, and target organisms are reported in the 
surveillance of antibiotic resistance in humans, animals, food 
products, and ecological systems. Sufficient scientific evidence is 
now available to select candidates for indicator ARGs or ARB 
that can be followed over time in the same compartments as the 
antibiotic-resistant organisms. Farm animals represent a model 
system in which antibiotic reduction practices could be evalu-
ated at a population level and used to create or revise policies for 
human and environmental health (Lanzas et al., 2010).

In the United States, national surveillance programs have yet 
to be created for collecting data on the veterinary use of antibi-
otics in animals. Conversely, the Canadian Integrated Program 
for Antimicrobial Resistance Surveillance (CIPARS) has been 
collecting veterinary antibiotic use information since the early 
2000s. It is collected via two forms: through voluntary submis-
sion of data on total antimicrobial quantities distributed for use 
in animals provided by the Canadian Animal Health Institute 
and, more recently, through sentinel surveillance in farms in 
the swine and poultry industries. Although some information 
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can be gathered from sales records compiled by agencies such 
as the US Food and Drug Administration (USFDA), collecting 
data through surveillance programs is an important means for 
evaluating alterations from baseline antibiotic resistance condi-
tions within agroecosystems. Surveillance programs for antibi-
otic usage and the incidence of antibiotic resistance in human 
patients (particularly in hospitals, pharmacies, and medical clin-
ics) now provide data sets for monitoring trends (World Health 
Organization, 2014).

Variations in metrics and data collection methodologies 
create difficulties in examining correlations between these data 
sets. One recommendation to minimize complications in making 
comparisons is that surveillance programs use standardized 
testing methods for antibiotic resistance monitoring (Wray and 
Gnanou, 2000). Approximations of baselines can be established 
through surveillance that measures standardized metrics in 
healthy populations in addition to the surveillance of antibiotic 
resistance in diseased cases.

Successful surveillance programs for monitoring antibiotic 
use and incidence of antibiotic resistance exist globally. The US 
National Antimicrobial Resistance Monitoring System and the 
Canadian CIPARS programs both monitor isolates derived 
from human clinical cases, food animals, and retail meats primar-
ily in Salmonella spp., Campylobacter spp., E. coli, Shigella spp., 
and Enterococcus spp. Environmental monitoring of antibiotics 
and antibiotic resistance elements is not often conducted, and 
this information is not integrated with existing surveillance data.

In Europe, the Danish Integrated Antimicrobial Resistance 
Monitoring and Research Programme (DANMAP) (Bager et 
al., 1999; DANMAP, 2013) and the Dutch NethMap (de Greef 
and Mouton, 2014) programs are frequently cited as model sur-
veillance systems that integrate data from humans, food, and 
animals. The DANMAP monitors the consumption of anti-
microbial agents and the occurrence of antibiotic resistance in 
bacteria isolated from food animals, food of animal origin, and 
human patients as well as collects baseline data through moni-
toring indictor bacteria in healthy animals and humans. The 
NethMap program is a surveillance program that collects data 
for antibiotic use and reports patterns of antibiotic resistance 
in E. coli, Klebsiella spp., Enterobacter spp., Proteus mirabilis, 
Pseudomonas aeruginosa, staphylococci, enterococci, and respira-
tory pathogens isolated from human patients in the Netherlands.

Prioritizing Target Drugs, Bacteria, and Genes  
for Antibiotic Resistance Research: A Proposed  
Decision-making Tool

A crucial aspect of any surveillance system is the knowledge 
and recognition of what needs to be assessed and how that relates 
to what is considered of interest or importance to the agricul-
tural, environmental, and public health communities. In the 
case of antibiotic resistance, which has been a running theme 
throughout this review, the focus is on the drugs, bacteria, and 
genes relevant to antibiotic resistance issues. Numerous attempts 
have been made to prioritize the importance of antibiotic drugs 
for veterinary and human medicine (Boxall et al., 2003; USFDA, 
2003; Boxall, 2004; World Health Organization, 2011), but in 
terms of researching antibiotic resistance in agroecosystems, it 
can be difficult to determine which drugs are of greatest interest 

or importance. Echoing the opinions expressed by other research 
groups (Berendonk et al., 2015), an urgent need exists to guide 
global research efforts toward improved comparability and 
evaluation of temporal trends when designing future antibiotic 
resistance studies.

In many cases, researchers might not know the relevant anti-
biotics to target (especially those in all-natural or organic pro-
duction systems), or they may wish to expand the scope of their 
research to encompass more relevant antibiotics. Additionally, 
in commercial agricultural settings, specific antibiotic use is pro-
prietary information; therefore, researchers need to make a best 
guess based on industry trends and historical data. In these cases, 
targeting the most relevant or important antibiotics will be essen-
tial, but this type of information may be difficult to obtain and it 
is not standardized. Therefore, an antibiotic resistance decision-
making tool (Supplemental .xlsm file) has been created to aid 
researchers in selecting the most important and relevant antibi-
otics to focus on given research goals and criteria and to guide 
researchers in experimental design process. This tool includes 
each of the antibiotics determined to be critical to human health 
by the World Health Organization (2011) and rates them based 
on three main components: (i) use within agroecosystems, (ii) 
ranking within major scientific databases and surveillance pro-
grams, and (iii) target bacteria or ARB for treatment.

The first component includes data based on veterinary 
usage within major livestock and poultry operations (Plumb, 
2005; Papich, 2011), aquaculture (Hernandez Serrano, 2005; 
Tuševljak et al., 2013; Feed Additive Compendium, 2015), and 
crop production systems (McManus and Stockwell, 2000), as 
well as USFDA data on which drugs are (i) approved for which 
animals, (ii) considered part of the veterinary feed directive, (iii) 
available over the counter, and (iv) approved to be administered 
via feed or water (Food Animal Residue Avoidance Databank, 
2015).

The second component scores antibiotic drugs based on (i) 
ranking data from the World Health Organization (2011) and 
the USFDA (2003, 2015) and (ii) tracking within major gov-
ernmental surveillance systems (Centers for Disease Control and 
Prevention, 2015; European Society of Clinical Microbiology 
and Infectious Disease, 2015; Public Health Agency of Canada, 
2015) and public health databases (Centers for Disease Control 
and Prevention, 2013; UpToDate, 2015).

The last component includes data on the target bacteria of 
concern as related to the antibiotic drugs both from environ-
mental and clinical settings (Centers for Disease Control and 
Prevention, 2013; UpToDate, 2015).

As the default setting, the three main components of the 
tool were scored to provide roughly equal weight to each of 
these components as well as equal weight to all of the variables 
within each component. For each of these components, the user 
is asked a set of yes–no questions to determine which data within 
the tool is applicable to their research needs and goals (Fig. 1). 
These yes–no questions are found under the of-interest column 
of the first worksheet of the tool (Decision Factors), and the user 
will simply click on the appropriate box (all possible boxes are 
highlighted in yellow) for a given criterion and, using the pull 
down menu, select whether that criteria is of interest to their 
analyses (yes) or not (no). This is the only user input required 
for the tool. For Components A (agroecosystem use) and B 



Journal of Environmental Quality 427

(database rankings and surveillance monitoring), 
the default setting is to include all of the available 
data within the tool for both components in the 
rating of the antibiotic drugs, but for component 
C (target bacteria), the default setting focuses on 
the two major foodborne pathogens (Salmonella 
spp. and Campylobacter spp.) as well as the major 
environmental Gram-positive (Enterococcus spp.) 
and Gram-negative (E. coli) bacteria. The tool 
scoring (Tool Data Sheet) includes the scores for 
each individual data column (as defined in the 
Decision Factors tab); while these scores are pre-
defined, the user can choose to modify the scores 
or weight the scores differently based on their spe-
cific research needs and goals.

Once the user defines their own parameters 
(or opts for the default parameters), the tool will 
calculate a total score for each antibiotic drug, 
and then the output tab (Tool Output) will 
provide the ranking of all of the World Health 
Organization critically important antibiotics 
based on these scores (Fig. 2). Because of the vast 
array of potential ARG targets for all of these 
antimicrobial drugs, the tool does not currently 
provide potential ARG targets as an output. But 
the final output does provide both drug and class 
information for each antibiotic, and the user can 
then investigate the most appropriate class- or 
drug-specific ARG targets based on their research 
design or research goals.

Conclusions
The types of antibiotic-resistance-related 

targets are quite diverse and found throughout 
agriculturally impacted ecosystems, agroeco-
systems where antibiotics are not exogenously 
administered or applied, as well as nonagricul-
tural ecosystems. Given this expansive diversity, 
the agroecosystem antibiotic resistance research 
community should begin to standardize the 
following:
•	 Definitions of important aspects in studies 
(background and baseline antibiotic resistance 
levels),
•	 Assessment of the different aspects of these 
ecosystems to properly address the experimental 
questions (within study normalization),
•	 Effective and accurate comparison of results 
with other studies (between study normalization), 
and
•	 Determination of the most appropriate 
antibiotic-resistance-related targets within 
each agroecosystem, especially as they relate to 
background and baseline levels (decision-making 
tool).

The focus of this review paper was the dis-
cussion of terminologies, necessary experimen-
tal design considerations, and the proposed 

fig. 1. Data selection screen for the proposed antibiotic resistance decision-making tool. 
Users select the criteria of interest to them to determine which antibiotic drugs are most 
applicable to their research needs, and the last column indicates the column within the 
tool data sheet that contains these data for that criteria.
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decision-making tool to assist current and new researchers in 
determining appropriate antibiotic resistance targets. Detailed 
examinations of the chemical, cultural, and molecular method-
ologies and assays used to detect and quantify antibiotic resis-
tance targets are presented in the subsequent review papers in 
this special section.

To improve the state of the science, scientists working in the 
antibiotic-resistance-related research fields need to be speaking 
the same language and have amenable broad research goals. The 
goal of this review paper was to emphasize the need for harmo-
nization of terminology, processes, and experimental design 
among antibiotic resistance researchers studying agroecosystems 
to accurately assess the impact of any treatment or management 
regime within those systems. In an effort to begin a unification 
process, the research community should consider adopting the 
following minimum requirements for the publication of antibi-
otic-resistance-related research in agroecosystems:
•	 Baseline data to define antibiotic drug, ARB, and ARG 

levels before the start of the study within the local area of 
that study;

•	 Background data to define antibiotic drug, ARB, and ARG 
levels outside of the affected area of the study; and

•	 Normalization of the study data using this baseline or 
background data to accurately describe the impact of 
agricultural management practices within the local area of 
that study.

The inclusion of this metadata would allow for not only more 
effective comparisons between antibiotic-resistance-related stud-
ies but also allow for an accurate and broader understanding to 
the direct and indirect effects that agriculture has on antibiotic 
resistance within the environment.
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