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Abstract
Agricultural ecosystems are of special interest for monitoring 
the potential for antibiotic resistance to spread through the 
environment and contribute to human exposure. Molecular 
methods, which target DNA, RNA, and other molecular 
components of bacterial cells, present certain advantages for 
characterizing and quantifying markers of antibiotic resistance 
and their horizontal gene transfer. These include rapid, 
unambiguous detection of targets; consistent results; and 
avoidance of culture bias. However, molecular methods are also 
subject to limitations that are not always clearly addressed or 
taken into consideration in the interpretation of scientific data. 
In particular, DNA-based methods do not directly assess viability 
or presence within an intact bacterial host, but such information 
may be inferred based on appropriate experimental design or 
in concert with complementary methods. The purpose of this 
review is to provide an overview of existing molecular methods 
for tracking antibiotic resistance in agricultural ecosystems, to 
define their strengths and weaknesses, and to recommend a 
path forward for future applications of molecular methods and 
standardized reporting in the literature. This will guide research 
along the farm-to-fork continuum and support comparability of 
the growing number of studies in the literature in a manner that 
informs management decisions and policy development.
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Given the significant use of antibiotics in the 
production of livestock and produce in the United 
States and other countries, there is keen interest in 

detecting and tracking antibiotic resistance in agricultural eco-
systems. Accordingly, a recent executive order issued by the US 
White House calling for a national strategy to combat antibiotic-
resistant bacteria identifies the agricultural industry as a major 
partner in this effort (The White House, 2015). A major aspect 
of the draft strategy is expanded environmental surveillance of 
antibiotic resistance, including advancing the development and 
application of appropriate methods and platforms that can facili-
tate monitoring, which is a need that is of international urgency 
(Berendonk et al., 2015). Molecular methods, which target 
DNA or more rarely RNA or proteins, present several advan-
tages for tracking antibiotic resistance and are rapidly expanding 
both in terms of technological advances and popularity. Thus, 
the present moment is a key juncture for evaluating the state of 
the science and the future prospects of molecular methods as 
applied to agricultural ecosystems.

A general advantage of molecular methods is that they avoid 
culture bias. It is estimated that 99% or more of environmental 
bacteria are not readily cultured using standard methods (Allen 
et al., 2010). Molecular methods provide direct access to the 
total pool of DNA, RNA, and/or protein in a sample, typically 
through extraction of the target or microscopic visualization. 
Targets are also relatively unambiguous; for example, DNA or 
proteins can be sequenced and compared against publicly avail-
able databases, in contrast to often laborious and ill-defined 
phenotypic assessments of pure cultures. Nonetheless, molecu-
lar methods are not necessarily a panacea, and there is a need to 
more clearly define and acknowledge both their limitations and 
their capabilities for tracking antibiotic resistance in agricultural 
ecosystems. The general weakness, particularly for DNA-based 
methods, is that they do not directly confirm functionality of the 
target within a viable host cell, although such information may 
be indirectly assessed through combination with other methods 
and appropriate experimental design. Also, molecular data are 
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not compatible with current human health risk models for anti-
microbial resistance (Ashbolt et al., 2013).

For the purpose of this review, the “agricultural ecosystem” 
is defined to include livestock, feed, manure and associated 
management systems, biosolids and other fertilizer sources, soil, 
neighboring water bodies, and fruits and vegetables grown with 
direct antibiotic usage. Agricultural ecosystems present several 
challenges and some opportunities for tracking antibiotic resis-
tance. For example, sample matrices along the manure–environ-
ment–produce continuum are complex, and each will impart 
its own recovery efficiency as well as unique background inter-
ferences. At the same time, there can be advantages, including 
knowledge of antibiotic usage practices for comparative studies 
and the existence of complementary datasets, such as those from 
source-tracking of fecal bacteria.

The goal of this review is to provide an overview of the 
advantages and disadvantages of existing molecular methods 
and to recommend a path forward for their application to agri-
cultural ecosystems. In particular, we focus on (i) appropriately 
framing research questions based on selected molecular targets; 
(ii) reviewing commonly used molecular techniques, as well as 
newer methods on the horizon, and what questions they can 
help answer; and (iii) recommending parameters for standard 
reporting in the literature to ensure comparability across studies. 
As exemplar molecular methods, we describe polymerase chain 
reaction (PCR)-based assays, horizontal gene transfer assays, 
genomic and metagenomics methods, and assays that link geno-
type and phenotype. Finally, we provide recommendations for 
future research, especially in terms of experimental design and 
combination with other types of measurements, to achieve an 
integrated understanding of antibiotic resistance in agricultural 
ecosystems.

Molecular Aspects of Antibiotic 
Resistance

Antibiotic resistance is defined as a phenotypic property: the 
ability of a bacterial cell to survive and grow in the presence of 
an antibiotic concentration that is inhibitory to susceptible cells. 

There are many means by which cells can achieve this, includ-
ing forming biofilms to offer physical protection from the assault 
(Stewart and Costerton, 2001). Here we focus specifically on 
molecular aspects of the cell’s machinery that impart resistance 
(Fig. 1), especially those that are genetic and therefore heritable 
and potentially subject to horizontal gene transfer (i.e., sharing 
of genes among bacteria). Defining these aspects also defines the 
questions that a particular assay is capable of addressing with 
respect to antibiotic resistance.

Antibiotic Resistance Genes
Antibiotic resistance genes (ARGs) encode the ability for 

bacterial cells to grow in the presence of antibiotics. They accom-
plish this by encoding various functions, such as pumping the 
antibiotic out of the cell (efflux), degrading the antibiotic, or 
modifying the target (e.g., chemical modification to create a cell 
wall that is no longer susceptible). Antibiotic resistance genes are 
heritable and are also commonly capable of being shared among 
bacteria as detailed below, so directly monitoring them can pro-
vide information about the cumulative proliferation of antibiotic 
resistance in a system. Subsequent to extraction of DNA from 
the sample of interest, ARGs are typically identified by PCR-
based methods, or more recently, genomic or metagenomic tech-
niques, as described in later sections. However, detection of an 
ARG indicates potential resistance because (i) the gene may not 
actually be expressed, (ii) the gene may have mutated to a non-
functional form, (iii) the gene may be present in a dead cell or as 
extracellular DNA, or (iv) the gene may be incomplete because 
most methods detect portions of the ARG and not the entire 
reading frame

Markers of Horizontal Gene Transfer
The ability of ARGs to be shared among bacteria is likely the 

greatest challenge to combating antibiotic resistance (Allen et al., 
2010). For this reason, several studies have incorporated tracking 
of markers associated with mobile genetic elements, such as plas-
mids, integrons, and transposons, along with ARGs in manure 
and soil (e.g., Nandi et al., 2004; Agerso et al., 2006; Malik et 

Fig. 1. Overview of molecular 
aspects of antibiotic resistance 
and methods for probing them. 
ARGs, antibiotic resistance 
genes; PCR, polymerase chain 
reaction; qPCR, quantitative 
polymerase chain reaction; 
RT-PCR, reverse transcriptase 
polymerase chain reaction; 
RT-qPCR, reverse transcriptase 
quantitative polymerase chain 
reaction.
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al., 2008; Binh et al., 2008; Musovic et al., 2014; Popowska et 
al., 2011; Klümper et al., 2015; Forsberg et al., 2012; Perry and 
Wright, 2013). However, given emerging evidence that ARG 
distributions in the environment appear to closely follow phy-
logeny (i.e., bacterial community structure) (Durso et al., 2012; 
Forsberg et al., 2014; Nesme and Simonet, 2015), it may be that 
transfer from the environment to the clinic is a rare but impor-
tant event. As is the case with ARGs, methods that detect the 
presence of horizontal gene transfer markers (e.g., plasmids, 
transposons, and integrons) characterize only the potential for 
horizontal gene transfer. However, as we describe in this review, 
assays also exist for directly assaying horizontal gene transfer, 
which can serve to demonstrate the transfer potential and func-
tionality of the ARG in question and to assess the rates of gene 
transfer to a specified bacterial recipient strain.

Expression of RNA
Monitoring RNA instead of DNA is one means by which to 

demonstrate that an ARG is present within a viable and active 
bacterium. This is typically accomplished by directly extract-
ing RNA from a sample, instead of, or in tandem with, DNA 
extraction. RNA can then be subjected to reverse transcription 
followed by the same downstream analyses typically applied for 
ARGs and horizontal gene transfer markers. The major chal-
lenge with RNA analysis is that it is a highly unstable target. 
Owing to the ubiquity of RNases, RNA can degrade rapidly 
during extraction and subsequent manipulation. Therefore, it 
is difficult to obtain RNA of sufficient quantity and quality for 
further analysis, especially when extracting from complex matri-
ces of agricultural origin, and extremely challenging to verify 
extraction efficiency for quantitative purposes. Other means of 
assessing RNA expression include reporter genes, such as the 
green fluorescence protein, which confirm that a gene is being 
induced in an in vivo system (Binh et al., 2008; Musovic et al., 
2010). However, actual correspondence between RNA expres-
sion and protein production can sometimes be very low (Maier 
et al., 2009).

Proteins
Proteins are the molecular markers that most closely reflect 

cell function. Methods such as Western blots and immunostain-
ing can be applied to detect specific proteins related to antibiotic 
resistance. For example, carbapenemase presence and activity was 
confirmed in Acinetobacter baumannii to understand conditions 
that control actual expression of resistance (Liao et al., 2014). 
However, these methods are usually highly specific for a given 
protein, which limits their applicability for measuring antibiotic 
resistance in environmental samples where a variety of homolo-
gous proteins might interfere with analysis. Matrix complexities 
are particularly problematic for protein analyses. To our knowl-
edge, these approaches have not been applied in environmental 
samples from agroecosystems, and they are not considered fur-
ther in this review.

Molecular Methods for Assessing 
Antibiotic Resistance

In the following sections, methods for detecting, characteriz-
ing, and/or quantifying molecular targets pertaining to resistance 

are discussed. For most methods, this requires a priori selection 
of a target, which should ideally be done bearing in mind the 
likely host bacteria. For example, tetracycline ARGs have been 
relatively well characterized, and most tend to be carried by 
either Gram-positive or Gram-negative bacteria (Roberts, 2012). 
Similarly, targets corresponding to resistance to the antibiotics 
of interest (which also generally treat Gram-positive or Gram-
negative infections) is also an important consideration. With the 
aim of capturing ARGs corresponding to a range of antibiotic 
classes and with emphasis on clinical concern and importance 
to horizontal gene transfer, the European COST (Cooperation 
in Science and Technology) Action DARE (Detecting 
Evolutionary Hotspots of Antibiotic Resistance in Europe, TD 
0803), recently suggested the following targets for monitoring: 
the class 1 integron, intl1; sulfonamide ARGs, sul1 and sul2; b-
lactam ARGs, blaCTX-M and blaTEM; a quinolone ARGs, 
qnrS and 6-ib-Cr; macrolide ARGs, ermB and ermF; the ARG 
cassette marker, aac; a glycopeptide ARG, vanA; and a methicil-
lin ARG, mecA (Berendonk et al., 2015). Bearing in mind mul-
tiple considerations in choosing targets, the following sections 
focus on (i) defining the methods and what they achieve, with 
particular attention to quality control issues and recommenda-
tions for reporting in the literature; (ii) illustrating the role of 
experimental design through identification of pertinent studies; 
and (iii) presenting a prospectus for future application of molec-
ular tools for the study of antibiotic resistance in agroecosystems.

Polymerase Chain Reaction–Based Assays
Traditional Polymerase Chain Reaction

Polymerase chain reaction has become a popular method for 
detecting ARGs of interest in environmental samples because it 
is highly sensitive, provides relatively rapid results (2–3 h), and 
yields direct information about the DNA sequence of interest. It 
is an enzyme-based assay using oligonucleotide primers that are 
complementary to the flanking regions of the target to amplify 
target genes or gene fragments. Polymerase chain reaction has 
been successfully and widely applied to detect ARGs in samples 
from agroecosystems since at least 2001 (Chee-Sanford et al., 
2001). A wide range of primers that target specific ARGs are 
widely available in the literature.

There are, however, challenges and limitations to the appli-
cation of PCR to agricultural ecosystems (Goyer and Dandie, 
2012). In particular, PCR is dependent on DNA extraction, 
which will vary in efficiency across matrices and is likely to carry 
through inhibitors that can interfere with PCR. These limita-
tions can lead to false negatives. On the other hand, PCR can 
be prone to nonspecific reactions (i.e., amplifying the wrong 
target), resulting in false positives. As noted previously, PCR 
by itself does not provide information about whether the target 
ARG was actually being expressed in the environment. Inactive 
ARGs could, however, still be of importance, given that extracel-
lular DNA can sometimes be taken up and expressed by other 
bacteria, although the extent and frequency that this occurs in 
natural environments is still uncertain and a subject of great 
interest (Chen and Dubnau, 2004; Seitz and Blokesch, 2013). 
Finally, the traditional form of PCR is not quantitative. The 
most direct information that PCR can provide about ARGs is 
that they are either present or below detection.
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When reporting PCR data for samples from agricultural 
ecosystems, in addition to verifying expected product size by 
gel electrophoresis, it is strongly advisable to sequence the PCR 
products from a representative subset of samples to ensure that 
the PCR is amplifying the intended target. In addition to verify-
ing the specificity of the target, sequence variability among ARG 
variants may also be of interest and can be explored by compar-
ing with GenBank or other databases (Koike et al., 2007; Garder 
et al., 2014). It is also important to be consistent in applying 
quality control measures, such as including blank samples and 
reporting the criteria for scoring samples as positive or negative. 
Ideally, internal amplification controls can also be included to 
avoid false negatives resulting from enzyme inhibition (Hoorfar 
et al., 2004). Diluting extracted DNA is often an effective means 
of diluting out inhibitors, and a dilution series can be performed 
to identify the dilution that yields the optimal signal for each 
sample. Otherwise, spiked matrix controls are sometimes applied 
to verify a true negative (Pei et al., 2006), but they are labori-
ous. There is some question whether PCR inhibition varies as a 
function of template concentration (Wilson, 1997), suggesting 
that low spiking concentrations are best. Before the PCR, selec-
tion of the appropriate DNA extraction procedures to optimize 
yield and purity is critical, particularly for complex samples, and 
the same method should be implemented throughout a project 
to ensure comparability of results. Bead-beating appears to be 
a particularly important step in obtaining high-quality DNA 
from environmental samples (Guo and Zhang, 2013). Finally, 
it is important to report the specific PCR primers used, noting 
corresponding citations and validation or presenting validation 
results, and the essential assay conditions, such as reaction chem-
istry and annealing temperature.

Real-Time Quantitative Polymerase Chain Reaction
Quantitative PCR (qPCR) provides the benefits of PCR and 

also yields quantitative information about the abundance of the 
target ARG. For qPCR, the reaction itself is modified to include 
either probes, which fluoresce when bound to the target DNA, 
or dyes, such as SybrGreen, that bind to double-stranded DNA. 
A specialized instrument then detects the amplification of the 
target DNA during the PCR reaction. The threshold cycle, or 
CT value, where the signal crosses the baseline can be compared 
against a standard curve to determine the gene copy number of 
an ARG. Quantitative PCR has also recently been adapted to 
manage longer templates (up to 6 kb), which is essential to cap-
ture damage events and thus must be applied if the intention is to 
assess the effects of different treatments on the DNA itself (Suess 
et al., 2009; McKinney and Pruden, 2012; Rodríguez et al., 
2013). A major drawback of PCR and qPCR is that only a lim-
ited number of genes can be targeted in a given study. One recent 
large-scale study applied PCR and qPCR to track 46 gene tar-
gets associated with plasmid incompatibility groups, integrons, 
and ARGs in fields subject to manure application (Marti et al., 
2013), but this comes at significant cost and labor. The resulting 
need to select specific ARGs or other genetic elements to moni-
tor a priori may bias the results.

In agroecosystems, qPCR has been widely applied over the 
last decade to track both ARGs and markers of mobile genetic 
elements; a few illustrative examples are cited here. One early 
study quantified genes encoding sulfonamide and streptomycin 

resistance and markers of horizontal gene transfer (integrases) in 
chicken litter (Nandi et al., 2004). Another early study quanti-
fied tetracycline resistance genes in cattle feedlot lagoons (Smith 
et al., 2004). Quantitative PCR has been successfully applied 
to diverse agroecosystem sample types, including swine lagoons 
(Koike et al., 2007), groundwater (Koike et al., 2007), river sedi-
ments (Pei et al., 2006), manure (Heuer and Smalla, 2007), and 
soil (Heuer and Smalla, 2007).

As with any quantitative method, it is critical to determine 
and report the limit of quantification, or the lowest standard 
on the linear portion of the standard curve that can be trusted 
for quantification. R2 values for calibration curves should be 
reported along with the number of points and replicates on the 
curve. The efficiency is also commonly reported, with an ideal 
value of 1.0 (for clinical targets), although values tend to be as 
low as 0.7 for assays applied to agricultural systems. If consistent, 
the lower efficiency value is acceptable. Because DNA extracts 
are likely to contain PCR inhibitors, it is wise to perform a dilu-
tion series to identify the dilution that results in the strongest 
and most consistent signal. It is important to take such dilu-
tions into consideration, as well as those occurring during DNA 
extraction and other sample processing steps, when determin-
ing the limit of quantification from the standpoint of the actual 
samples, with units reported as gene copies per milliliter or gram 
of matrix material (noting dry or wet weight). Normalization to 
16S rRNA genes is thought to aid in accounting for minor varia-
tions in extraction efficiency while also providing an indication 
of the proportion of total bacteria carrying ARGs (although the 
correspondence here is not ideal and likely varies across systems) 
(Pei et al., 2006; Pruden et al., 2006; Knapp et al., 2010; Heuer et 
al., 2011b). The matrices common in agricultural environments 
(e.g., manure) can be highly heterogeneous and may require 
multiple samples to obtain accurate results. Inclusion of blank 
samples with every run is also important to eliminate concerns 
regarding any background contamination with the target, which 
can elevate the limit of quantification considerably. Including 
blank extractions can also help make sure that DNA extraction 
materials and kits are target free. It is also useful to report the 
source of the positive control, such as genomic, environmental, 
or plasmid DNA, and how the quality was verified.

Quantitative Polymerase Chain Reaction Array
The recent development of qPCR arrays is promising for 

addressing the throughput limitations associated with qPCR 
because these arrays allow simultaneous quantification of hun-
dreds of ARGs and other genes of interest with much improved 
quantitative capability relative to microarrays (Wagner et al., 
2007). Qiagen recently developed the Antibiotic Resistance 
Genes Microbial DNA qPCR Array, which is configured for 
96- or 384-well plates and includes primers for quantification 
of 97 ARGs and 87 virulence factors. Alternative systems, such 
as Wafergen Bio-systems SmartChip Real-Time PCR, allow for 
qPCR arrays with primers selected by the researchers. The latter 
approach was applied in recent studies to quantify and track the 
enrichment of 244 ARGs and nine transposase genes in manure 
and soil samples (Zhu et al., 2013; Wang et al., 2014).

One drawback of the qPCR array is the inability to optimize 
each individual qPCR assay. For example, the annealing tem-
perature, which is critical for governing specificity of binding of 
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primers, is uniform throughout the array. It is also not possible to 
recover and sequence products, as can ideally be done to confirm 
specificity. Detection limits are also inevitably higher, given that 
the reaction volume is limited to nanoliters. Additional research 
would be beneficial to further validate the qPCR array approach 
for agricultural ecosystems.

Horizontal Gene Transfer Assays
Horizontal gene transfer can be studied through detection 

and quantification of specific marker genes associated with 
mobile genetic elements (Nandi et al., 2004); direct assays of 
transfer via conjugation (Musovic et al., 2010; Binh et al., 2008), 
transduction (Coque et al., 2008), transformation (Chen and 
Dubnau, 2004; Dodd, 2012; Seitz and Blokesch, 2013); or 
retrospective genome or metagenome analyses (Nesme et al., 
2014; Nesme and Simonet, 2015). Methods focusing on spe-
cific marker genes are amenable to the PCR-based approaches 
described above and are subject to the same limitations. Direct 
assays can be applied to estimate transfer rates, to determine the 
host range of an ARG on mobile elements, and to confirm that 
a putative ARG is actually functional. Their main limitation is 
the requirement for recipient cells to be culturable, although a 
reporter gene approach, such as green fluorescent protein, can 
reduce the need for culturing and selection steps (Musovic et al., 
2010; Klümper et al., 2015).

Conjugation Assays
Bacterial conjugation refers to the exchange of conjugative 

transposable genetic elements or plasmids through close physical 
contact between a donor and recipient bacterium (Zechner et 
al., 2003). Marker genes used to study conjugation include the 
incompatibility group (Inc) subset of broad host range plasmids 
(Gotz et al., 1996; Schlüter et al., 2007; Musovic et al., 2010) 
and features of conjugative transposons, including forward and 
reverse integrase and excisase (Zhu et al., 2013). Roberts and 
Mullany (2011) have extensively reviewed the Tn916-like genetic 
element family known to contain ARGs. Multiple studies have 
confirmed the presence of tetracycline and macrolide ARGs in 
transposable elements using PCR and sequencing techniques 
(Roberts et al., 2006; Cochetti et al., 2008; Del Grosso et al., 
2009). Conjugation can also be studied directly, using a recipi-
ent strain and a plasmid-containing donor strain that transfers 
a distinct selectable or expressible marker. This approach has 
the advantage of providing direct information on transfer rates 
and host range but shares the limitations of other culture-based 
methods in not reflecting the full diversity of environmental 
microbial communities. Also, most prior work has focused on 
Gram-negative bacteria, whereas conjugation in Gram-positive 
bacteria is less characterized (Goessweiner-Mohr et al., 2013).

Plasmids harboring ARGs can be identified through screening 
of culturable isolates, capturing plasmids with culturable recipi-
ents (also termed exogenous isolation) (Smalla and Sobecky, 
2002), or isolating plasmid DNA directly from an environmen-
tal matrix (Couturier et al., 1988). Plasmid capture requires a 
known recipient strain that does not harbor the target ARGs, is 
not commonly found in the environment being tested, and does 
not contain a plasmid (Binh et al., 2008). It can be conducted in 
the laboratory, using environmental samples as the donors, or by 
incubating recipient bacteria in the environment of interest. Two 

previous studies used a plasmid capture approach to demonstrate 
exogenous transfer of plasmid-borne ARGs from Gram-negative 
bacteria in manure samples (Agerso and Sandvang, 2005; Binh 
et al., 2008). In all of these approaches, the plasmid DNA can 
be sequenced to identify the plasmid and any ARGs it carries. In 
the converse approach, donor cells containing broad host range 
plasmids, such as IncP and IncPromA, can be incubated with 
the sample of interest to identify permissive bacteria (Musovic 
et al., 2010). This approach was recently applied to demonstrate 
that manure application increases permissivity of soil bacteria to 
plasmid uptake (Musovic et al., 2014) and that recipient bacteria 
can be spread across multiple Phyla, including Gram positives 
(Klümper et al., 2015).

Each approach to assaying conjugation has its advantages and 
disadvantages. As with ARGs, identification and quantification 
of conjugative markers by PCR or qPCR will provide informa-
tion with respect to conjugative potential but cannot confirm 
that conjugation is occurring within the target environment. 
Also, often the presence of several gene markers and ARGs is 
necessary to confirm the presence of a conjugative plasmid or 
transposon (Carattoli et al., 2005; Cochetti et al., 2007). Because 
a number of ARGs may be carried by the host, it may not be pos-
sible to confirm which one is the driver of phenotypic resistance. 
Screening of culturable isolates confirms the presence of the 
plasmid or conjugative transposon in a living host. However, the 
requirement for culturing and isolation is a challenge for access-
ing the vast diversity of conjugative elements present in a typical 
agricultural sample (Smalla and Sobecky, 2002). Exogenous iso-
lation, on the other hand, is only restricted by the host range of 
the conjugative element, but will not provide information on the 
original host bacteria.

Because there are many factors that influence conjugative 
mating experiments, detailed reporting of conditions applied is 
required in the methodology section. Key variables include anti-
biotic concentrations, results of susceptibility testing to deter-
mine minimum inhibitory concentration, incubation periods, 
donor and recipient strain information, enumeration of strains 
before/after mating, negative controls to account for back-
ground, and PCR primers, conditions, and controls. In particu-
lar, it may also be necessary to vary the ratio of donor to recipient 
or add low levels of antibiotics to optimize the assay (Facinelli 
et al., 1993). Additionally, assays aiming to identify individual 
transposable elements responsible for transferring resistance 
need to report all primer combinations used to screen the isolate.

Transduction Assays
Transduction is the virally mediated exchange of DNA that 

is generally limited between closely related strains and has only 
been demonstrated for a few species. Transduction occurs when 
the virus transfers bacterial DNA from its previous host into a 
new bacterial host, which then incorporates the new genes into 
its genome (Frost et al., 2005). Transfer of ARGs via transduc-
tion may be a much more widespread phenomenon than previ-
ously thought (Colomer-Lluch et al., 2011b; Balcazar, 2014). 
Because next-generation DNA sequencing is expanding in 
application for sequencing bacterial genomes, prophages and 
prophage-like elements indicative of phage infection have been 
observed nearly universally among bacterial isolates (Canchaya 
et al., 2003; Casjens, 2003). Phages that are able to transfer 
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antimicrobial resistance are diverse, ranging from specific to 
broad-host, and are not dependent on homologous recombina-
tion (Balcazar, 2014). Certain environmental conditions, such 
as ultraviolet radiation, are particularly conducive to stimulating 
lytic pathways (Brabban et al., 2005).

Transduction has been reported in fecal waste from cattle, 
pigs, and poultry and in environmental water and plant sur-
faces (Fineran et al., 2009). One line of evidence for the occur-
rence of transduction is isolation of phages and analysis of the 
nucleic acids that they carry by PCR or qPCR (Colomer-Lluch 
et al., 2011a). Quantitative PCR was used to quantify blaTEM and 
blaCTX-M, which encode b-lactamases that are widespread among 
Gram-negative pathogens (Coque et al., 2008), and mecA, which 
encodes penicillin-binding protein 2a, associated with methi-
cillin resistance in staphylococci (Tsubakishita et al., 2010) 
in the viral DNA fraction of animal fecal material. Evidence 
suggests that phages have served as vectors for carrying ARGs 
from environmental bacteria to clinical bacteria (Schmieger and 
Schicklmaier, 1999; Witte, 2004).

In addition to the above-mentioned meticulous controls 
noted for conjugation assays, appropriate controls to rule out 
DNA from a nonviral origin during phage DNA extraction 
are important for transduction assays. Therefore, samples taken 
after DNase treatment, but before the phage DNA was extracted 
from the capsid, should be used as template for subsequent 
confirmation by PCR or qPCR (Colomer-Lluch et al., 2011b). 
Researchers should exercise caution with their control strategies, 
and ideally the final PCR or qPCR product can be sequenced for 
confirmation. Determination of the baseline for the target genes 
and quantification relative to that baseline is important for deter-
mining the efficiency of the assays.

Transformation Assays
Transformation is the ability of bacteria to take up and incor-

porate extracellular DNA, which is fundamental to the concept 
of ARGs as pollutants (Dodd, 2012). As with conjugation and 
transduction, natural transformation affects antibiotic resistance 
because it can result in transfer of ARGs among different types 
of microorganisms and thus may enhance their persistence and 
dissemination. Although the capability to be transformed (i.e., 
competence) has generally been thought to be limited, especially 
as a natural process, it has now been demonstrated for at least 80 
strains of bacteria (Lorenz and Wackernagel, 1994; Johnston et 
al., 2014). In addition to the limited known range of naturally 
competent cells, the presumed short half-life of free DNA has 
also been perceived as a limitation. There is growing evidence, 
however, that the amount of extracellular DNA in the environ-
ment is significant and that it can persist, primarily through its 
adsorption to various soil fractions, such as clays and sediments, 
which protect it from degradation by DNase (Levy-Booth et 
al., 2007; Pietramellara et al., 2009). For natural transforma-
tion, nutrient availability and high cell density can be important 
triggers (Lorenz and Wackernagel, 1994; Johnston et al., 2014), 
while the range of dissemination across different types of bacteria 
is controlled at two stages: DNA uptake and DNA integration 
( Johnston et al., 2014). Some bacteria have highly specific DNA 
uptake systems and are therefore effectively transformed only 
by DNA from closely related species, whereas others appear to 
be indiscriminant in their uptake of DNA yet still are thought 

to incorporate only highly related DNA. The requirement for 
extracellular DNA to be integrated into the chromosome gener-
ally necessitates some degree of homology between donor and 
recipient cells. However, this requirement does not apply to nat-
ural transformation of plasmid DNA, where recircularization of 
the plasmid generally allows persistence of the introduced DNA. 
Transformation pili can also play an important role in the uptake 
of exogenous DNA ( Johnston et al., 2014). Known naturally 
competent bacteria include Azotobacter vinelandii, Pseudomonas 
stutzeri, and Acinetobacter calcoaceticus, whereas the Tn917 trans-
poson (Lorenz and Wackernagel, 1994) and the IncP-1 incom-
patibility plasmid group are known to be compatible with a 
broad host range (Schlüter et al., 2007).

Unlike conjugation or transposition, for natural transforma-
tion there are no representative genes or sequences that can be 
targeted with molecular methods to assess the extent of trans-
fer in a particular environment, nor can gene transfers identi-
fied during genome analysis be definitively attributed to natural 
transformation. Because of these limitations, available methods 
for monitoring natural transformation all involve mixing donor 
DNA containing a known selectable or detectable marker with 
competent recipient cells and then recovering and quantifying 
successfully transformed cells; a detailed description of methods 
for natural transformation assays is available (Ray and Nielsen, 
2005).

The primary advantage of natural transformation assays is 
that they are a direct and quantitative measure of gene transfer. 
Among the matrices relevant to agroecosystems, to our knowl-
edge natural transformation assays have only been conducted 
in soil microcosms (e.g., Nielsen et al., 1997; Demaneche et al., 
2001). In these studies, both the donor DNA and the recipient 
cells were spiked into soil microcosms, and transformation fre-
quencies were quantified under different conditions and times-
cales. A key weakness of natural transformation assays, as with 
any culture-based method, is our inability to recover many indig-
enous soil microorganisms. The relevance of transformation 
frequencies to a particular environment depends on how repre-
sentative the recipient cells are. In theory, the approaches used 
for conjugation could be adapted for the study of transforma-
tion, for example, by using manure or soil samples as the source 
of extracellular DNA, although to our knowledge this has not 
been done. In the context of ARGs as pollutants, transformation 
assays can be used to assess whether a treatment process served 
to effectively inactivate ARGs (Dodd, 2012). For such purposes, 
model organisms that are indiscriminate in their DNA uptake 
(i.e., they do not show specificity for particular DNA sequences), 
such as Acinetobacter sp. BD413 (Ray and Nielsen, 2005) or A. 
vinelandii (Renaud et al., 1989), are ideal.

When conducting natural transformation assays, no-DNA 
controls are required to assess background levels of resistance, 
whether preexisting or arising spontaneously during the transfor-
mation assay. Extensive replication is also essential because the 
biological variability can be large even for pure cultures and con-
trolled conditions (e.g., Lu et al., 2010). Important parameters 
to report include source and concentrations of both the DNA 
and the potential recipient cells used in the transformation assays 
as well as assay conditions (e.g., time, temperature, mixing, and 
solution chemistry) and the type and number of replicates.
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Metagenomics Methods
The advent of next-generation DNA sequencing methods 

has sparked a new era in molecular characterization of environ-
mental ecosystems. The primary advantage of these methods is 
that they circumvent PCR and thus the need to select genetic 
targets, such as specific ARGs and mobile genetic elements, a 
priori. Collective genomes in a given sample (metagenomes) can 
be sequenced in a single step (e.g., yielding 10–1000 Gb of DNA 
sequences in a single HiSeq 2500 Illumina lane). Antibiotic resis-
tance genes or other targets of interest (e.g., plasmids, transpo-
sons, and virulence factors) can then be detected and quantified 
by searching against online databases using publically available 
tools, such as MG-RAST (Meyer et al., 2008), the Integrated 
Microbial Genome database (IMG) (Markowitz et al., 2012), 
or the Comprehensive Antibiotic Resistance Database project 
(CARD) (McArthur et al., 2013).

Recent metagenomics studies have revealed a wide range 
of ARGs and mobile genetic elements from different ecosys-
tems (Kristiansson et al., 2011; Bengtsson-Palme et al., 2014). 
Manure and its impacts on soil are of special interest in agri-
cultural ecosystems. In particular, soil metagenomes have been 
revealed to contain a highly diverse pool of ARGs, including the 
most common types of resistances found in other environmental 
metagenomes (Donato et al., 2010; Nesme and Simonet, 2015).

Because metagenomics provides information on the total sum 
of genes present, examination of data sets can provide broad con-
textual information beyond identification of ARGs. For example, 
identification of horizontal gene transfer markers, such as plas-
mids and transposons, can provide clues about how ARGs may 
have spread from one environment to another (Ochman et al., 
2000; Bengtsson-Palme et al., 2014; Nesme and Simonet, 2015). 
Metagenomics has also been applied to provide a comprehensive 
comparison of ARGs and markers of horizontal gene transfer in 
manure and agricultural soils (Durso et al., 2012; Wichmann et 
al., 2014; Fang et al., 2015). Comparing the suites of ARGs pres-
ent in different environments or under different environmental 
conditions can provide insight into potential controlling factors. 
For example, analyses of metagenomic data suggest that the soil 
has a high diversity of ARGs (Durso et al., 2012; Nesme et al., 
2014) and that the majority of these soil ARGs are subject to 
vertical, rather than horizontal, gene transfer. Metagenomics has 
also been key for advancing efforts to determine to what extent 
ARGs in the clinic originate from the environment and via 
which mechanisms (Forsberg et al., 2012; McGarvey et al., 2012; 
Gibson et al., 2015). Evidence of mutation can also be gleaned to 
gain insight into how ARGs may have gained or lost functional-
ity in the system (Schmieder and Edwards, 2012). Although it 
requires greater effort and expertise in bioinformatics, assembly 
of individual genomes within metagenomes can provide valuable 
information regarding which ARGs are present in which hosts 
(Henry et al., 2011), a question that cannot be answered with 
PCR-based methods. However, quantitative information can be 
lost on assembly (Thomas et al., 2012)

As is the case with PCR, metagenomics applied directly 
to DNA extracted from the environment cannot confirm the 
functionality of a putative ARG. However, functional metage-
nomics can achieve this goal (Pehrsson et al., 2013; de Castro 
et al., 2014; Su et al., 2014; Wichmann et al., 2014). Functional 

metagenomics is achieved by fragmenting extracted DNA and 
inserting it into plasmids, such as the bacterial artificial chromo-
some, that are able to accommodate large inserts (Uchiyama and 
Miyazaki, 2009). The ligated plasmids are then transformed into 
hosts, such as Escherichia coli, and plated onto media selective for 
the antibiotic resistance trait of interest. Functional metagenom-
ics has been applied to identify several ARGs corresponding to 
various antibiotic classes and has been successfully performed on 
various animal manure and gut microbiota (Zhou et al., 2012; 
Su et al., 2014). Functional metagenomics can also be applied 
to discover new antibiotics (MacNeil et al., 2001; Gillespie et 
al., 2002; Lim et al., 2005) and antibiotic resistance elements 
(Bengtsson-Palme et al., 2014). The main disadvantages of func-
tional metagenomics are the labor involved and the biases in 
gene expression that are associated with the selection of a par-
ticular host. It has been reported that the ARGs discovered do 
not tend to be representative (de Castro et al., 2014).

One particular challenge of metagenomics is that available 
databases still are not well populated or curated, focusing mainly 
on clinical ARGs, which affects the integrity of comparisons of 
ARG profiles across samples, especially environmental samples. 
If similar genes are not present in the database, searches may 
miss unknown bioactive molecules. Thus, genomic sequencing 
of well-characterized pure cultures and functional metagenom-
ics libraries, along with annotation of genomes and rigorous 
maintenance of the databases, will be critical for the future of 
metagenomics-based approaches. With intense deep sequenc-
ing of environmental samples and relevant knowledge in bioin-
formatics, better databases can inform the assembly of genomes 
from metagenomic data sets and help identify novel ARGs 
(McArthur et al., 2013). Improved pipelines can further aid in 
the efficiency and accuracy of ARG identification (e.g., Yang et 
al., 2014). Correspondingly, advanced analysis of metagenom-
ics data sets, such as assembly of genomes, requires a high level 
of expertise. Standardized and publically available pipelines for 
achieving advanced bioinformatics analysis would be of far-
reaching value. At the present time, arguably the largest barrier 
to expanded application of metagenomics methods for assessing 
antibiotic resistance in agricultural ecosystems is cost. Currently, 
one MiSeq Illumina lane typically costs about $3500 and ide-
ally should be applied to one sample at a time to ensure suffi-
cient depth to capture all ARGs and other sequences of interest. 
Thus, currently metagenomics is best applied to a representative 
subset of samples and is used to guide selection of markers for 
broader analysis across samples, such as via qPCR. Emerging, 
low-cost DNA sequencing technologies, such as PacBio (Pacific 
Biosequences), may enable metagenomics to surpass PCR-based 
approach.

In reporting metagenomics data, it is critical to indicate what 
kinds of extraction and amplification methods were used and 
what measures were taken to avoid contamination of exogenous 
DNA sources. Given that data analysis approaches are still evolv-
ing, it is especially important to describe the methods used in 
detail, including assumptions and simplifications made to the 
data sets. Because the current cost of metagenomics is still pro-
hibitive for most researchers, statistical replication is not always 
possible. Thus, study design is especially critical to highlight key 
contrasts, and complementary analyses, such as qPCR, should be 
used to verify general conclusions.
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Assays That Link Genotype and Phenotype
Although the vast majority of molecular methods detect or 

quantify ARGs, the possible disconnect between genetic poten-
tial and phenotypic reality calls for complementary methods 
that provide better links between the two layers of information. 
Culture-based assays, followed by genotyping, can serve this 
purpose but are plagued by slow response time and limitation 
to the narrow fraction represented by cultivable bacteria. Some 
efforts seek to expand the capabilities of molecular techniques to 
integrate information about antibiotic resistance phenotype into 
single, rapid assays. For macrolide-lincosamide-streptogramin 
type B resistance, which arises from a specific ribosomal methyla-
tion, detection has been accomplished by membrane hybridiza-
tion ( Jindal et al., 2006; Angenent et al., 2008) and fluorescence 
in situ hybridization (FISH) methods (Trebesius et al., 2000; 
Zhou et al., 2009). However, this approach is specific to macro-
lide-lincosamide-streptogramin type B resistance. Extension to 
other antibiotic resistance mechanisms is theoretically possible 
(e.g., via antibodies to a protein involved in resistance) but would 
still be mechanism specific. More recently, molecular techniques, 
specifically a species-specific padlock probe, have been used to 
quantify growth after only two or three generations (Mezger et 
al., 2015). By conducting these assays with and without antibiot-
ics, this approach was used to rapidly assess antibiotic resistance.

Both of these molecular phenotypic methods are quantitative. 
As compared with genotypic methods, they have the advantage 
of directly assessing the resistance phenotype, and, compared 
with culture-based methods, they are considerably faster (i.e., a 
few hours vs. ³24 h). Membrane hybridizations and FISH have 
both been applied in manure and soil samples ( Jindal et al., 2006; 
Zhou et al., 2009). Although membrane hybridizations scale up 
more easily, the FISH method has the advantage of being able to 
identify the resistant microorganisms when used in combination 
with phylogenetic probes (Zhou et al., 2009). The padlock probe 
(i.e., long oligonucleotides with ends complementary to adjacent 
target sequences) detection is currently in development for clini-
cal use. Although in theory the same approach can be applied to 
environmental samples, there are likely to be difficulties in these 
more complex matrices. To date, it has also only been used for 
detection of specific target organisms. It should be possible to 
use probes of varying specificity to measure resistance in groups 
of varying taxonomic levels. However, for broader groups and 
environmental microorganisms, choosing appropriate growth 
conditions will become a major concern.

Role of Experimental Design
Regardless of the molecular method selected to assess anti-

biotic resistance, the experimental design is essential and must 
be carefully crafted to address specific research questions. The 
origins of resistance are complex, and agroecosystems are espe-
cially complex and diverse environments. In particular, the 
sections below focus on the following aspects of experimental 
design: (i) incorporating appropriate controls and accounting 
for background antibiotic resistance, (ii) obtaining representa-
tive samples and statistical resolution in spatially heterogeneous 
and temporally variable systems, (iii) applying study designs that 
provide insight into factors at play in the field, (iv) obtaining 
insight into ARG hosts and their viability, and (v) combining 

methods strategically. For molecular methods in particular, it is 
also important to consider whether the targets being detected are 
likely to be active and what microorganism(s) they might reside 
in. For example, it is important to consider which antibiotics 
are being used, what kind of bacteria they target, and whether 
Gram-positive or Gram-negative bacteria are of interest. A few 
exemplary studies are highlighted here to illustrate some of the 
ways these challenges are being met.

Background and Controls
Because ARGs are naturally occurring, accounting for back-

ground sources of antibiotic resistance is critical (Rothrock et 
al., 2016). There are three common approaches to address back-
ground resistance: historical comparisons, pristine environments 
as controls, and antibiotic-free or organic agricultural systems 
as controls. Historical comparisons provide important insight 
into the prevalence of background resistance and the influence 
of human activity. For example, examination of arctic soil cores 
(Allen et al., 2009; Lang et al., 2010) and soil archives (Knapp 
et al., 2010) preserved before the antibiotic era provide insight 
into how anthropogenic activities have shaped the trajectory of 
evolution of ARGs and mobile genetic elements.

To specifically address the effects of agricultural practices, 
Pruden and colleagues compared pristine upstream regions of 
the Cache-La-Poudre River located in the Rocky Mountains 
to downstream urban and agriculturally affected zones of the 
watershed (Pruden et al., 2006; Storteboom et al., 2010). Using 
qPCR, it was possible to demonstrate that ARGs were elevated 
downstream. A follow-up study using geo-spatial analysis 
further revealed a significant correlation between the numbers 
of sul1 ARGs in river samples and the capacities (i.e., number 
of animals) in upstream livestock facilities (Pruden et al., 2012). 
For soil studies, a common approach is to choose a “pristine” 
soil that has not previously been subject to manure or biosolids 
application or irrigation with reclaimed water (Wang et al., 
2014). However, this approach neglects any effects that nutrient 
addition alone may have on antibiotic resistance; a recent study 
suggests this nutrient effect could be an important consideration 
(Udikovic-Kolic et al., 2014).

An alternative approach is to compare conventional animal 
production and waste management systems with antibiotic-free 
or organic systems. This approach has also provided strong evi-
dence for an increased prevalence in antibiotic resistance asso-
ciated with agricultural antibiotic use (e.g., Jindal et al., 2006; 
Peak et al., 2007; Zhou et al., 2009; McKinney et al., 2010). 
Limitations associated with this approach include variations 
across agricultural practices that can make it difficult to isolate 
the specific variable of antibiotic use, evidence that antibiotics 
(Zhou et al., 2009) and antibiotic-resistant bacteria may be pres-
ent in the absence of use (Thames et al., 2012), and therapeutic 
antibiotic use for ill animals on organic farms (McKinney et al., 
2010).

Obtaining Representative Samples and Statistical 
Resolution

As with any research, an appropriate sampling plan is 
necessary to ensure that samples are representative and sta-
tistical power is sufficient to test the hypotheses. This can be 
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particularly challenging for large-scale agricultural studies with 
complex matrices. For heterogeneous environments, such as 
compost, lagoons, and soils, it is often practical to sample sev-
eral locations within each replicate and combine these samples 
before analysis. For PCR-based methods, which are relatively 
high throughput, it is usually feasible to include sufficient 
experimental replication. Care may be needed to select appro-
priate statistics, however, given that qPCR data often span 
several logs. Log transformations coupled with nonparametric 
statistical tests, such as the Wilcoxon ranked sum test, can be 
implemented to analyze non-normal data sets. In the case of 
metagenomics, costs are still generally too prohibitive to use 
appropriate experimental replication, and thus it is impor-
tant to avoid extrapolating too much from individual samples 
(Prosser, 2010; Lennon, 2011). However, metagenomics is 
ideal for identifying candidate ARGs and selecting markers for 
qPCR, which will provide higher sensitivity and can be applied 
economically across a wider range of samples for quantitative 
comparisons.

Simplifying Complexity Encountered in the Field
A recent study exemplifies the complexity associated with 

applying molecular methods in the field. Marti et al. (2013) 
compared produce grown with raw dairy or swine manure 
versus equivalent application of chemical fertilizer as the con-
trol. The study was well controlled; the plot was not manured 
or irrigated in the 3 yr before the study, and no other manure 
or livestock applications were within a 2-km radius. However, 
various challenges were encountered, including weeds, pests, 
and atypical rain/temperature patterns, and responses to 
these challenges (e.g., application of herbicide, pesticide, 
and early harvest) added complexity to the interpretation of 
the results. Ultimately, although soil receiving manure was 
enriched in antibiotic-resistant bacteria and ARGs, it was dif-
ficult to assess if there were effects on the produce. Although 
field experiments are an essential research component, alone 
they are not likely to provide firm conclusions about the 
parameters controlling dissemination of antibiotic resistance 
in the environment.

Approaches that simulate the agroecosystems under con-
trolled conditions can be complementary to field studies. For 
example, Looft et al. (2012) were particularly rigorous in their 
study on the effect of antibiotics on the intestinal microbi-
ome of swine. The researchers reared the pigs under hygienic 
conditions and administered the antibiotics themselves, main-
taining an isolated, unmedicated control group from the same 
litter. Microcosm and mesocosm studies are common and have 
allowed focused investigation of specific parameters, such as 
aerobic and anaerobic manure treatment and temperature (Pei 
et al., 2007). An elegant study by Engemann et al. (2008) used 
mesocosms equipped with biofilm traps to simulate lagoons 
receiving cattle feedlot runoff with and without oxytetracy-
cline addition, river water supplementation, and light expo-
sure. Microcosm and field sampling have also been used in 
combination, for example to investigate antibiotic resistance in 
manure-amended soils (Zhou et al., 2010; Heuer et al., 2011b). 
The ultimate goal of such studies is to identify key parameters 
affecting the prevalence of antibiotic resistance and the fate of 
ARGs to inform future fate models.

Relating Molecular Data to Viability and Activity  
of Host Bacteria

A common limitation of molecular methods is the inability 
to confirm whether or not the molecular target being detected is 
active. The most rigorous approach to address this issue is to iso-
late the cultures of interest before molecular analysis. Although 
effective, this approach is severely limited by our inability to cul-
ture many environmental microorganisms. For example, Sato et 
al. (2014) isolated E. coli resistant to ceftiofur (a third-generation 
cephalosporin) from dairy cows with and without ceftiofur treat-
ment. Positive isolates were then subjected to disc diffusion assay 
to assess phenotypic resistance to several antibiotics and PCR 
to identify specific ARGs that they carried. Although there was 
not a statistically significant increase in E. coli resistant to ceft-
iofur from ceftiofur treatment, subsequent characterization of 
the isolates suggested an increase in resistance to several b-lactam 
antibiotics and in horizontal gene transfer of the b-lactam ARGs 
on self-transmissible plasmids. Studies such as these illustrate 
the intricate experimental detail and effort that can be required 
to confirm the presence of an ARG in a live bacterium and its 
ability to be expressed and horizontally transferred. However, 
a trade-off with such a high level of experimental effort is that 
it is difficult to obtain sufficient statistical power. Also, cultur-
ing specific organisms will not characterize potential effects on 
the microbial community as a whole and will not account for 
responses of bacteria that are viable but nonculturable, which is 
a common response of bacteria to stress such as starvation and 
antimicrobials (Li et al., 2014).

Methods that quantify DNA do not directly distinguish 
between live or dead cells or between intracellular and extra-
cellular DNA. In some cases, with appropriate study design, 
DNA can be an indicator of response of living bacteria in a 
system. For example, if a target gene is increasing in a closed 
system with time, growth of the host is the logical explanation. 
Other methods are designed to selectively quantify DNA that 
is present within a viable cell by pretreating samples with selec-
tive dyes, such as propidium monoazide and ethidium monoa-
zide, that penetrate compromised cell membranes and render 
the DNA unsuitable for PCR (Rudi et al., 2005; Nocker et al., 
2006; Luo and Angelidaki, 2014). Extraction methods that 
distinguish intracellular DNA from extracellular DNA have 
also been reported and applied to manure lagoons (Zhang et 
al., 2013). Approaches to distinguish between live or dead cells 
and intracellular and extracellular DNA have not been widely 
applied in agroecosystems.

Strategic Combinations of Methods
Because of the different limitations associated with cul-

ture-based and molecular methods for detecting antibiotic 
resistance, it can be useful to apply these approaches together 
( Jindal et al., 2006; Heuer et al., 2011a; Zhou et al., 2009; 
Sato et al., 2014). It is also increasingly common to apply 
multiple molecular methods within a single study. For exam-
ple, Looft et al. (2012) applied a combination of metage-
nomics, qPCR array, and phylogenetics in their study on the 
effect of antibiotics on the intestinal microbiome of swine. 
The metagenomic analysis revealed 20 ARGs that were more 
abundant in the manure of medicated pigs. The qPCR array 
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method was applied across more samples and confirmed these 
results but was not as comprehensive in its coverage of ARGs. 
Examining phylogenetics in parallel revealed that E. coli were 
also enriched in antibiotic-treated pigs, but this approach 
could not confirm whether or not the E. coli actually carried 
the ARGs of interest.

Prospectus for Future Application 
of Molecular Tools in Agricultural 
Ecosystems

Overall, successful assessment of antibiotic resistance in 
agricultural ecosystems with molecular methods depends on 
focused research questions, selection of appropriate molecu-
lar targets and corresponding methods, combining with other 
methods if necessary, and inclusion of relevant controls to 
address the research questions. Limitations of existing molecu-
lar approaches include the inability to match ARGs with cor-
responding host bacteria, verify the viability of the hosts, or 
demonstrate the functionality of the ARG and/or its ability to 
be horizontally transferred. One key methodological frontier 
is the continued development of metagenomic techniques and 
associated data analysis methods, which could permit analysis of 
which bacteria are carrying which ARGs and whether they are 
associated with gene transfer elements. Another methodologi-
cal frontier is the development of standard protocols and gene 
targets for monitoring antibiotic resistance in the environment, 
which would facilitate large-scale environmental monitoring 
efforts and cross-study comparisons. Because of the potential 
for horizontal gene transfer, it is critical that such efforts not 
be restricted to traditional fecal indicators or pathogens, with 
the European COST action monitoring scheme representing 
an early adopter of such an approach. A third methodological 
frontier emerges from the need to better understand the role 
of horizontal gene transfer in the dissemination of antibiotic 
resistance in agricultural ecosystems. Experimental assays and 
metagenomic approaches must be integrated to understand 
both the physicochemical and biological factors influencing 
gene transfer, including antibiotic use and metals, and the 
scope of gene transfer in the environment. Ultimately, antibi-
otic resistance is of concern due to its impact on human health. 
Presently human health risk models are typically formulated 
for specific pathogens based on dose–response data and corre-
sponding concentrations via likely exposure routes (e.g., inges-
tion and inhalation) and have incorporated only limited spatial 
and temporal information on associated microbial communi-
ties (Port et al., 2012). Such models have limited applicability 
for assessing human health risks from antibiotic resistance and 
ideally should be revamped to consider ARGs and horizontal 
gene transfer processes (Ashbolt et al., 2013). Therefore, coor-
dinated effort between the advancement of molecular tools for 
assessment of antibiotic risk and the development of appropri-
ate risk assessment models is required.
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