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Abstract

Antimicrobial resistance (AMR) in the environment is a growing global health concern, especially
the dissemination of AMR into surface waters due to human and agricultural inputs. Within recent
years, research has focused on trying to understand the impact of AMR in surface waters on
human, agricultural and ecological health (One Health). While surface water quality assessments
and surveillance of AMR have historically utilized culture-based methods, culturing bacteria has
limitations due to difficulty in isolating environmental bacteria and the need for a priori
information about the bacteria for selective isolation. The use of molecular techniques to analyze
AMR at the genetic level has helped to overcome the difficulties with culture-based techniques
since they do not require advance knowledge of the bacterial population and can analyze
uncultivable environmental bacteria. The aim of this review is to provide an overview of common
contemporary molecular methods available for analyzing AMR in surface waters, which include
high throughput real-time polymerase chain reaction (HT-gPCR), metagenomics, and whole
genome sequencing. This review will also feature how these methods may provide information on
human and animal health risks. HT-qPCR works at the nanoliter scale, requires only a small
amount of DNA, and can analyze numerous gene targets simultaneously, but may lack in
analytical sensitivity and the ability to optimize individual assays compared to conventional qPCR.
Metagenomics offers more detailed genomic information and taxonomic resolution than PCR by
sequencing all the microbial genomes within a sample. Its open format allows for the discovery of
new antibiotic resistance genes; however, the quantity of DNA necessary for this technique can be
a limiting factor for surface water samples that typically have low numbers of bacteria per sample
volume. Whole genome sequencing provides the complete genomic profile of a single
environmental isolate and can identify all genetic elements that may confer AMR. However, a
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main disadvantage of this technique is that it only provides information about one bacterial isolate
and is challenging to utilize for community analysis. While these contemporary techniques can
quickly provide a vast array of information about AMR in surface waters, one technique does not
fully characterize AMR nor its potential risks to human, animal, or ecological health. Rather, a
combination of techniques (including both molecular- and culture-based) are necessary to fully
understand AMR in surface waters from a One Health perspective.
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1. Introduction

Antimicrobial resistance (AMR) is not a new development within the world of
microorganisms; it is naturally found in the environment, even in relatively pristine settings
(Rothrock et al., 2016; van Goethem et al., 2018). However, with the advent of antibiotic
usage to treat bacterial infections and the ensuing overuse of antimicrobial compounds in
medicine and agriculture, AMR is on the rise in clinical health settings (O’Neill, 2016). In
fact, the U.S. Centers for Disease Control and Prevention (CDC) has estimated that more
than 70% of bacteria that lead to infections are resistant to at least one of the antibiotics
commonly used for treatment (IDSA, 2004). Concurrently, AMR is increasing in the
environment, primarily due to release of wastewater treatment plant effluent and agricultural
runoff into surface waterways (Berkner et al., 2014). Of specific concern is the presence of
AMR in surface waters, which poses a direct health threat to human populations through
drinking water, recreational use, and irrigation of cropped lands. Furthermore, the
environment plays a major role in the development, maintenance, and cycling of AMR.

Over the last decade, research has focused on trying to understand the importance of AMR
in surface waters and how it may impact human, animal, and ecological health, a One Health
approach to AMR (Franklin et al., 2016; Banerji et al., 2019; White and Hughes, 2019).
While AMR can be well characterized in clinical health due to well-established standardized
methods, these methods are not always useful for environmental samples due to the limited
ability for environmental bacteria to grow under laboratory conditions (Roszak and Colwell,
1987). Studies of AMR in the environment are further confounded by intrinsic (background)
environmental resistance, the large diversity of relevant bacterial and AMR targets, low
concentrations of these targets, and the potential presence of previously uncharacterized
targets or target combinations (Vaz-Moreira et al., 2013). Therefore, analyzing AMR in
environmental samples, including surface water, remains a challenging problem. In addition,
the ability to link AMR from the environment to humans and animals and vice versa is
limited and hinders a One Health assessment of AMR.

Traditional water quality monitoring and assessments include culture-dependent analysis to
screen specific indicator microbial species, such as Escherichia coli (E. coli), fecal
coliforms, and pathogens. These culture-dependent techniques are still used to date
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throughout the world. While standardized methods are not in place for analyzing AMR
within surface waters, culture-based work has been the foundation of international
surveillance efforts to monitor AMR (McLain et al., 2016). The WHO Global Action Plan
for AMR developed a guide for AMR surveillance and research and recommended
extended-spectrum beta-lactamase producing (ESBL)-E. coli as a potential candidate for
AMR monitoring (WHO, 2015). This bacterium is readily detected using established
methods that allows for comparisons of environmental samples with food and medical
community samples. However, a major issue with utilizing culture-based methods is that
non-pathogenic, environmental bacteria can represent important resistance reservoirs that are
not easily cultured and thus avoid detection. Furthermore, these methods require a priori
selection of study targets, which confines their scope to limited types of bacteria and AMR.

To overcome the difficulties in cultivating environmental bacteria, AMR research in surface
waters can utilize molecular methods that analyze the DNA of a bacterial population for
antimicrobial resistance genes (ARGs) and mobile genetic elements (MGESs) associated with
AMR (e.g., plasmids, transposons, integrons, etc.) (Harbottle et al., 2006). However,
knowing that a gene is present is insufficient for analyzing human health risks, as the
presence of a gene does not necessarily mean that it is expressed within that population or
that it is possessed by a human microbial pathogen. Various molecular approaches, e.g.
polymerase chain reaction (PCR), metagenomics, and whole genome sequencing (WGS),
also differ in their ability to characterize individual bacteria versus entire communities,
targeted versus non-targeted natures, and ability to produce quantitative results.
Consequently, analytical methods and combinations thereof must be carefully selected in
accordance with specific research objectives, e.g., characterization of contamination sources,
assessment of surface water exposures, determination of potential health risks (direct or
indirect), etc.

The purpose of this review is to provide an overview of the three most common
contemporary molecular methods that are available for analyzing AMR in surface waters:
high throughput real time PCR (HT-qPCR), metagenomics, and WGS. While other recent
reviews have overviewed these molecular methods and/or compared and contrasted a subset
of these molecular techniques for AMR analysis in the environment (Nowrotek et al., 2019;
Waseem et al., 2019; Gupta et al., 2020; Ishii, 2020), this review is specifically focused on
surface waters and how these contemporary molecular techniques can be employed to
analyze AMR in various surface water environments, characterize health risks, and move
toward a One Health assessment of AMR. Each molecular method section will highlight the
main advantages and disadvantages of each technique (Table 1) and recent studies as
examples of how these techniques can be employed to analyze AMR in diverse types of
surface water environments. This review will also discuss how these molecular methods can
provide practical information about direct and indirect health risks in surface waters, while
also referencing the applicability of older technologies in combination with these newer
methods. Finally, how the selection of analytical methods could answer a variety of research
questions about AMR in surface water environments will be addressed as well as how
different methods could provide diverse information about human health risks and be able to
offer a One Health assessment of AMR.
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2. High Throughput Real-Time PCR

Conventional PCR is recognized as one of the most important scientific advances in the 20th
century that revolutionized molecular biology by providing a quick and easy method to
isolate a gene of interest (e.g., ARG) in a test tube and create unlimited copies of that gene
within hours (Powledge, 2004). With the advent of quantitative or real-time PCR (gPCR),
gene targets could then be quantified, and this technology has become a standard practice for
analyzing ARGs in surface waters. However, a comprehensive analysis of AMR via
conventional PCR or gPCR is a tedious and time-consuming process. While these molecular
techniques are suitable for small-scale studies analyzing a limited number of ARGs and
other genes associated with AMR, this technology becomes cost ineffective and burdensome
when a large suite of genetic targets needs to be analyzed in order to provide a thorough
analysis of AMR within a surface water system. HT-gPCR is a newer technology that offers
a rapid and convenient method for both evaluating many ARGs simultaneously and
performing numerous assays per sample while using a smaller sample volume compared to
conventional PCR.

HT-gPCR works at the nanoliter scale and only requires a limited amount of DNA per
sample, which is a major advantage when working with samples from aquatic environments
where the amount of DNA per sample volume is typically lower than other environmental
matrices (e.g., soil, sediment, etc.) (Sander and Kalff, 1993). Frequently, the volume of
sample and quantity of DNA per sample volume can be limiting factors for conventional
PCR. Therefore, HT-gPCR creates an opportunity to analyze surface water samples
containing lower quantities of DNA while also analyzing for a suite of AMR gene targets
simultaneously. Since all gene targets are analyzed in one run, consistency may be increased
due to fewer batches, which lessens the chance of pipetting errors and/or contamination. In
addition to its advantages, HT-gPCR does have some disadvantages, such as the inability to
optimize the assays for each gene of interest during a single run because all assays must
utilize the same PCR cycling conditions. However, the use of probes instead of Sybr Green
or other fluorescent detection methods does improve the specificity of HT-gPCR. Another
disadvantage is the limited sample volumes that may lead to higher limits of detection
(LOD) and limits of quantification (LOQ), which are of concern for detecting low level
environmental contaminants like ARGs. Furthermore, reactions at a nanoliter scale are
difficult or even impossible to recover to sequence the amplified products, which is
frequently possible in conventional PCR and gPCR. Finally, another major disadvantage of
this approach (and any type of PCR) is the need to know the sequences of the genes of
interest ahead of time for appropriate selection and/or design of primers and probes, unlike
metagenomic work that does not require a priori knowledge. On the other hand, HT-gPCR
offers certain advantages over metagenomic sequencing by having lower limits of detection
with reported detection limits of 10-4 ARGs/16S rRNA gene (Muziasari et al., 2016 &
Muziasari et al., 2017) and the ability to be fully quantitative.

Currently, three major platforms for performing HT-gPCR have been used predominately in
studies profiling ARGs in surface waters: Takara Smartchip (formerly Wafergen), Applied
Biosystems OpenArray, and BioMark Dynamic Array (Waseem et al., 2019). Each of these
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three platforms has distinctive high throughput capabilities and utilize different volumes for
assay reactions.

2.1 SmartChip Real-Time PCR

The SmartChip HT-gPCR system has a 5184 reaction well platform providing a 54x high
throughput capacity (e.g., 54 multiples of the 96 well format) and allows for flexible assay
and sample formats, which is ideal for analyzing a large suite of AMR-associated genes. A
recent review by Waseem et al., 2019 looked at 51 studies over the previous 7 years that
evaluated ARG abundance and found that SmartChip was more frequently used than other
HT-gPCR platforms for the purpose of profiling ARGs, especially in environmental samples.
The first research paper published using SmartChip was in 2014, and of the studies analyzed
in that review, SmartChip was used 75% of the time. SmartChip may be more frequently
utilized for studying environmental AMR because it allows for a customized number of
sample versus assay formats, which can be selected based on the design of each experiment.
Most studies analyzing for AMR-associated targets have utilized the 18 versus 296 and 12
versus 384 Sample-Assay formats. Because SmartChip utilizes a larger (100nL) reaction
volume, it also has improved analytical sensitivity when compared to other microfluidic
chips like Applied Biosystems OpenArray and BioMark Dynamic Array that use reaction
volumes of 33 nL and 7-9 nL, respectively (Lamas et al., 2016).

Numerous research studies focusing on AMR in surface waters have utilized the SmartChip
technology to analyze suites of ARGs and genes related to AMR. A recent study
investigated the patterns of ARGs in 42 natural waterbodies, specifically reservoirs and
lakes, throughout China (Liu et al., 2018). The SmartChip HT-gPCR approach was used to
target 285 ARGs (covering major classes of antibiotic resistance), eight transposase genes,
one universal class | integron-integrase gene (intl1), and one clinical class 1 integron-
integrase gene (cintl1). The SmartChip detected 167 unique ARGs and 9 MGEs. A spatial
comparison showed that the relative abundances of ARGs (ARGs normalized to 16S rRNA
gene copy numbers) were elevated in the south-central waters compared to the northern
waters. A significant correlation was found between the relative abundance of ARGs and
human activities. Notably, when looking at the absolute abundances of ARGs (gene copies/L
not normalized to 16S rRNA), no differences were found between south-central and northern
waterbodies. These differing results for relative versus absolute abundances in gene copy
numbers suggest that normalization of ARG data should be carefully considered based on
the study design. Overall, the patterns of ARG composition and spatial distribution found in
this study were significantly affected by anthropogenic (highest explanation factor), spatial,
and physico-chemical factors.

A watershed scale study of a subtropical river-reservoir system used the high-throughput
capacity of the SmartChip system to analyze the ARG variations by season and
environmental gradient (Chen et al., 2019). The river-reservoir system had two primary
tributaries that received heavy non-point source pollution from untreated wastewater
discharge, livestock wastewater, and agricultural runoff. The SmartChip PCR was used to
profile 285 ARGs conferring resistance to the major classes of antibiotics, eight transposase
genes, cintll, and intl1. Of these gene targets, 242 ARGs and 9 MGEs were detected with
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significantly higher copy numbers in the river water system than in the reservoir system.
While absolute abundance of ARGs and MGEs increased in the springtime, the relative
abundance of ARGs and MGEs (copies of ARG/MGE per 16S rRNA) did not vary by
season. Therefore, the increased absolute abundance of ARGs in the springtime was most
likely due to increased bacterial numbers. These results again demonstrate that the use of
relative (normalized) abundance versus absolute abundances for ARG data should be
carefully selected based on the design of the study. For example, relative ARG data would
be useful to differentiate when changes in ARG numbers within a bacterial community are
due to factors other than alterations in bacterial numbers. However, irrespective of absolute
or relative ARG abundances, this study did determine that 204 ARGs were shared between
the river system and the reservoir system, indicating that river system input may be
responsible for the presence of ARGs in the reservoir system.

More recently, the presence of AMR in a semi-urban subtropical riverine ecosystem was
analyzed by season under low and high human impacts (Peng et al., 2019) and over a 5 year
time period (Peng et al., 2020). Using the SmartChip HT-gPCR system, 285 ARGs, eight
transposase genes, and two integrase genes were quantified providing an analysis of spatial
and seasonal distribution patterns of AMR associated genes over time. While 245 ARGs
were detected in samples, only 19 ARG subtypes contributed significantly to total
abundance (>70%) with the dominant subtypes conferring resistance to aminoglycosides,
chloramphenicol, macrolide-lincosamide-streptogramin B (MLSB), sulfonamide,
tetracycline, and trimethoprim or multidrug resistance. Similar to the findings of Chen et al.
(2019), the spatial distribution of these ARGs and MGEs from a pristine upstream area to
downstream urbanized areas played a larger role in the richness and abundance of these
genes in the riverine system than seasonal variation with highest diversity and abundance in
downstream samples. In addition, only tetracycline resistance genes were found to be closely
linked with MGEs. These studies determined that both human-dominated environments and
MGEs can play important roles in shaping the ARG profiles and dynamics within a riverine
system.

Animal agriculture can impact AMR in surface waters and was the focus of a catchment-
scale study of ARGs and antibiotic resistant bacteria (ARB) from a watershed in central
lowa (Neher et al., 2020). The watershed was delineated into different catchments impacted
by different types of manure application practices and urban influences. Unlike most other
studies that have utilized the SmartChip system to analyze a large suite of ARGs, this study
employed HT-gPCR to analyze a larger set of 144 samples and a smaller set of 12 ARGs.
The ARG targets included those for aminoglycosides (aadA2), macrolides (ermB and ermF),
pleuromutilin (vgaA and vgaB), sulfonamides (sull and sul2), and tetracyclines (tetA, tetM,
tetO, and tetW). Standard curves were also run for four out of the twelve gene targets (16S
rRNA, ermB, ermF, and tetM). Due to the ability to analyze a larger number of samples
within the watershed, this study determined that manure applications had a greater impact on
AMR within the catchments compared to urban influences. However, both manure and
urban inputs significantly contributed to AMR in the watershed compared to the control site.

Several studies have used the SmartChip system to analyze AMR in rivers receiving
effluents from treatment plants, which are known contributors to AMR contamination in
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surface waters. One study analyzed how the spatial ecology of a wastewater treatment plant
(WWTP) system receiving waste from both hospitals and communities may define the
ARGs in surface waters downstream of treated effluent inputs (Quintela-Baluja et al., 2019.
To determine the effects of the wastewater on downstream environmental resistomes (e.g.,
all ARGs in an environmental community), this study analyzed sewage inputs, the WWTP
system, and surface waters upstream and downstream of effluent inputs. With the
SmartChip’s high throughput capacity, 285 ARGs, eight transposase genes, and three
integrase genes were analyzed. The targeted ARGs conferred resistance to eight antibiotic
classes or modes of resistance with aminoglycoside, beta-lactam, multidrug efflux pump,
tetracycline, and MLSB resistance being the most prevalent. This study found that the
WWTP effluent may contribute to ARG abundance and richness in the downstream river
with 155 ARGs detected downstream compared to only 80 ARGs detected upstream of the
WWTP. Furthermore, based on the ARGs analyzed, hospital wastewater appeared to
contribute more unique ARGs to surface waters than community wastewater.

Another study analyzed AMR in a river receiving leachate effluent from a landfill treatment
plant (Wang et al., 2020a). This study used SmartChip to examine the resistome in the
leachate and surface water near the landfill treatment plant, and 16S rRNA-based Illumina
sequencing was used to analyze the bacterial community composition. To assess AMR, 285
ARGs, 10 MGEs containing two integron integrase genes (cintl1 and intl1), and eight
transposase genes were analyzed. Based on genes quantified (91 ARGs and 5 MGEs) and
bacterial community analysis, the effluent from the landfill appeared to impact the
downstream river due to similar bacterial community structure and ARG profiles.
Furthermore, vancomycin (vanXD and vanSB) and carbapenem (cphA and blaGES)
resistance genes were found in the effluent and downstream river, but not in the upstream
river. The presence of vancomycin and carbapenem resistance is important for understanding
the potential human health impacts and risk factors of this leachate going into the surface
water system, since these antibiotics are listed as critically important to human medicine
(WHO, 2019).

2.2 BioMark Dynamic Array PCR with Integrated Fluidic Circuit

The Fluidigm BioMark HD and associated Integrated Fluidic Circuit (IFC) has been used in
several studies to investigate ARGs in environmental water sources. This high throughput
microfluidic gPCR and digital PCR (dPCR) system is a 96x high throughput capacity
platform (9216 reaction wells) with three PCR sample-assay combinations of 192.24, 48.48,
96.96 (sample.assay). The IFC microfluidic device facilitates HT-gPCR by integrating
samples and PCR assays into individual reaction chambers using a series of channels that are
controlled by pressurization of Nanoflex™ valves. This IFC microfluidic system provides
precise reaction volumes, which eliminates the variability typically associated with
dispensing liquids, and results in high rates of reproducibility.

The flexibility of this platform allows customization of PCR assays and scalability to run
144 to 9216 simultaneous reactions in approximately 4 h. The nanoliter reaction volumes
(7-9 nL) conserve sample volumes for other purposes/analyses and reduce reagent usage,
which could potentially save overall costs, particularly when labor is included. However, the
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use of high-throughput customized assays requires identical cycling conditions for each
primer pair utilized and the reduced volume (nanoliter) reactions could negatively affect
analytical detection sensitivity. In fact, Sandberg et al. (2018) showed that when analyzing
39 genes (ARGs, heavy metal resistance and integrase genes) in 12 wastewater and drinking
water samples, a preamplification step was required prior to performing the 48.48 Dynamic
Array IFC PCR. This preamplification step was necessary to have adequate quantities of
DNA to allow detection of the genes of interest. This preamplification step could impact the
accuracy of analysis if preamplification results in gene copy numbers that are outside the
range of values for the standard curve (e.g. unable to accurately quantify). Finally, the
products of the reactions may not be recoverable after the assays are completed, so
sequencing the gene targets may not be possible; therefore, it’s typically best practice to
utilize probes to ensure that the correct gene target is amplified.

Microfludic gPCR has been used to investigate the role of land use on the dissemination of
ARGs into watersheds. Uyaguari-Diaz et al. (2018) sampled watershed sites characterized as
urban, agricultural, or protected. Utilization of the Fluidigm BioMark 96.96 Dynamic Array
IFC allowed for 96 samples that were collected across watersheds to be analyzed with 14
PCR assays (13 ARGs). The results showed that different suites of ARGs are present in
higher concentrations dependent upon different land usage associated with specific
anthropogenic activity. For example, aacAl, aadAl, intl2, strA, strB, sull, and sul2 were
present in higher concentrations at agricultural sites, whereas tet32 and tetQ were more
prevalent at sites under the influence of urban activities. However, intl1 and tetW were
prevalent in both agricultural and urban sites.

Several studies have utilized microfluidic PCR to attribute specific sources in the
dissemination of ARGs in the environment. Stormwater drain outfalls were examined as a
source of pollution in Tampa Bay, FL by using two different Dynamic Array IFCs to analyze
24 samples from 12 outfalls under dry and wet weather events (Ahmed et al., 2018). The
48.48 format was employed to quantify 47 ARGs, heavy metal resistance genes, and three
integrase genes (Sandberg et al., 2018), and the 192.24 format was utilized to detect 22 fecal
indicator bacteria and bacterial pathogens (Ishii et al., 2013). The concentrations of most of
the targeted genes were higher during wet weather conditions, suggesting that fecal pollution
from the nonpoint sources of storm drain outfalls contribute to microbial pollution in the
study area.

Since antibiotics are often used to treat and control bacterial disease outbreaks in fish farms,
Bueno et al. (2019) used microfluidic gPCR to examine the role of aquaculture fish farms in
dissemination of ARGs in the rivers in Chile. A total of 44 ARGs and 3 integrase genes were
analyzed using a 96.96 Dynamic Array in samples taken from retention ponds at five
freshwater rainbow trout farms as well as upstream and downstream locations within the
associated rivers. Sixteen ARGs were quantified and the most abundant genes were sull,
tetA and tetC. For most genes, the abundance was significantly higher in the retention pond
than the upstream sites, and ARG abundance was higher at sites downstream from the farms
than upstream sites. The farms utilized florfenicol and oxytetracycline to control pathogens,
and nine tet genes and floR, which confer resistance to these antibiotics, were more
abundant at downstream sites compared to upstream sites. Interestingly, a third (1/3) of the
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genes showed a decrease in abundance at the furthest downstream site (approximately 132.7
m), suggesting a rapid decay of ARG input from the farms. However, two-thirds (2/3) of the
genes showed higher abundances at the furthest downstream site, suggesting other sources of
ARGSs in the river system.

Bueno et al. (2020) examined whether WWTP and associated wild birds are a source of
ARG dissemination into surface water environments. Sediment samples were collected
longitudinally from upstream and downstream sites and discharge points for three WWTPs
in Chile, along with fecal samples from wild birds at one of the WWTP. Extracted samples
were interrogated for 44 ARGs and 3 integrase genes using the 96.96 Dynamic Array IFC.
The most abundant genes detected among the WWTPs were sull, gnrS, sul2 and strB, while
blaKPC, blaSHYV, blaTEM, sull and sul2 were most abundant in migratory and resident
birds. These genes also correlated with the most frequently detected and abundant ARGs in
surface water samples and the greatest abundance was found at the discharge points for
WWTPs relative to upstream sites. Of the ARGs detected in both water and birds,
significantly greater concentrations were observed in water. Utilizing the Dynamic Array
IFC to analyze a wide range of samples, the authors were able to conclude that both WWTPs
and wild birds play a role in disseminating ARGs into the environment. However, the extent
of the input from either WWTPs or wild birds is unclear.

Hospital wastewater has been suggested as a source of high levels of ARGs into the sewer
network and ultimately, to the environment and surface waters. Buelow et al. (2018) utilized
microfluidic PCR with the 96.96 Dynamic Array IFC to determine how much hospital
wastewater contributes to ARG abundance by quantifying 67 ARGs that confer resistance to
13 classes of antimicrobials in 24 samples, including hospital sewage, residential sewage,
WWTP influent (urban and suburban), WWTP effluent (urban) and river water. Significantly
higher relative abundances of genes that confer resistance to aminoglycosides, p-lactams and
vancomycin were measured in hospital sewage relative to other samples, but this sewage
appeared to contribute minimally to the overall sewer network as demonstrated by
comparable relative abundances of ARGs among different WWTP influents with and
without hospital sewage inputs. Furthermore, the authors observed a significant decrease in
the relative abundance of ARGs for nine classes of antibiotics in WWTP effluent compared
to influent and the quantities of ARGs in the effluent-influenced river water were similar to
the WWTP effluent. Collectively, the authors concluded that hospital wastewater contributes
minimally to WWTP influent and that wastewater treatment reduces ARG dissemination
into the environment.

2.3 Applied Biosystems OpenArray

The OpenArray from Applied Biosystems is another HT-gPCR system that has reasonable
capacity with a 32x high throughput format with 3072 reaction wells. It utilizes a reaction
volume of 33 nL, which means it may have better analytical sensitivity than the Fluidigm
system yet still offers the benefits of using less sample volume and laboratory reagents than
other high throughput systems like SmartChip. A major drawback of this system is that the
primers (and probes, if used) are pre-dispensed into the array by the company leading to
limited run to run customization. Given this limitation in the ability to customize the array,
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few studies have been performed analyzing ARGs in surface waters utilizing this system.
However, this OpenArray has been recently proposed as a system for monitoring recreation
waters, specifically for assessing beach water safety (Shahraki et al., 2019). This system was
utilized to develop a rapid molecular genetic method for monitoring fecal indicator bacteria
and human virulent pathogens. The goal was to quickly detect and quantify fecal indicator
bacteria, identify contaminant sources (microbial source tracking), and detect human
virulent pathogens. The effectiveness of the designed OpenArray plate was evaluated using
five different environmental sample types (beach water, beach sand, beach pore water,
stream water, and pond water), sewage samples (known contaminated samples), and fecal
samples from various sources (Canada goose, dog, humans, pig, and seagull). The
OpenArray platform was shown to reliably detect as low as two template copies per well
with some markers being detected with as low as a single copy. Tagman probes were utilized
to help ensure specificity of the assays for the gene targets.

Co-selection and the stability of bacterial AMR in source waters for drinking water
following arsenic pollution accidents was analyzed utilizing the OpenArray system (Zhang
et al., 2020). Bacteria were collected from the sand at a drinking water treatment plant and
exposed to different levels of arsenic to simulate a pollution event. Before and after exposure
to the different levels of arsenic, 295 ARGs were analyzed. Of the genes targeted, 164
resistance related genes were detected and quantified, which included ARGs that confer
resistance to all major classes of antibiotics, class | and Il integrons, and transposons. Most
of the genes were beta-lactam resistance genes and efflux pump genes. An enrichment of
ARGs was seen after 6 h of exposure of arsenic (111) at all levels. Genes were significantly
increased in every detected class, in particular resistance genes for aminoglycosides, beta-
lactams, and MLSB. Some of the enriched ARGs (cmlA, floR, sull, and sul2) were located
on plasmids or MGEs. Commonly, genes that confer resistance to aminoglycosides, beta-
lactams, macrolides, sulfonamides, and tetracyclines co-occur with arsenic resistance genes
in the same bacteria or on multidrug resistance (MDR) plasmids.

3. Metagenomics

Metagenomics is the molecular technique of sequencing all microbial genomes within an
environmental sample yielding greater detail of genomic information and increased
taxonomic resolution compared to PCR (Knight et al., 2018). Metagenomic approaches are a
valuable source of information during the analysis of AMR in the environment and allows
for determination of full characteristics of the environmental resistome and related impacts
within surface waters. It is considered an open format approach that is suitable for
exploratory discovery studies, since it allows for discovery of novel ARGs (Zhou et al.,
2015). However, to perform metagenomic work on environmental samples, the quantity of
DNA extracted from a sample must be high enough to obtain a library that yields enough
coverage to fully characterize the microbiome. Given the relatively low numbers of bacteria
per sample volume in surface waters, larger sample volumes (e.g. >1 L) may be necessary to
perform metagenomic work. This review will focus on how metagenomics has been
employed to analyze AMR in surface waters. A recent review by Gupta et al. (2020) goes
into more detail about the specific bioinformatics platforms, ARG databases, and workflows
that can be utilized to analyze ARGs in environmental microbiomes.
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Characterization of the resistome within surface waters has typically focused on waters
impacted by WWTP effluent and drinking water sources, like lakes and reservoirs, which are
a public health concern. Ng and coworkers characterized the metagenomes in urban surface
waters receiving WWTP effluent in Singapore to study the occurrence of clinically relevant
ARGs (Ng et al., 2017). The metagenomes of wastewater and surface water were compared
to determine the impact of wastewater within the surface water compartment. For library
preparation, the DNA sequences were trimmed to ~450 base pairs. BBDuk from the
BBTools suite of bioinformatic programs was utilized to assess the quality of the sequenced
library. Using BLASTP, ARG-like open reading frames (ORFs) were identified by
comparing with an Antimicrobial Resistance Protein Database, which was a combination of
protein sequences from the Comprehensive Antibiotic Resistance Database (CARD) and
Resfam Antibiotic Resistance Proteins database v1.2. This study found that a resistome of
21 ARGs encoding resistance to aminoglycoside, MLSB, quinolones, sulfonamides, and
tetracyclines or multidrug resistant efflux pumps was shared across wastewater, treated
effluent, and surface water samples suggesting that these genes are prevalent within diverse
environments.

Another study that analyzed the impact of WWTP effluent on the resistome within receiving
surface water bodies used metagenomics to determine the taxonomic composition and
functional gene pool (including ARGSs) within the natural microbial communities (Corno et
al., 2019). The impact of WWTP effluent was determined by looking at short term exposures
and different concentrations of effluent. Metagenomic approaches were used to analyze the
response of the native bacterial communities in waters exposed to 5 different dilutions of
wastewater effluent (0 to 100%). Wastewater was sourced from several WWTPSs, including
urban WWTPs (with and without industrial wastewaters) and different disinfection
treatments (UV radiation, chlorination, or peracetic acid). DNA from each sample
underwent shotgun metagenomic sequencing, and sequence libraries were prepared and
sequenced using Illumina NextSeq 500 V2. ARG-like sequences were identified using the
ARGs-OAP database. This study found that as the proportion of WWTP effluent increased,
the resistome of the receiving waters had stabilization of ARG composition irrespective of
the independent microbiome of that system. However, the taxonomic composition did not
follow a similar trend of increased stabilization with increased WWTP effluent. Therefore,
the assumption was that the increased perturbance by WWTP effluent caused the
stabilization of the resistome and that the release of effluent into surface waters could lead to
the global propagation of AMR.

Recently, metagenomics was utilized to compare the diversity of microbiomes and
resistomes in beef feedlots, urban WWTP influent, and downstream environments (Zaheer et
al., 2019). Water samples were analyzed from a catchment basin associated with a cattle
feed lot and compared with cattle feces, manured agricultural soil, and urban sewage. The 35
samples underwent Illumina HiSeq2000 sequencing, resulting in approximately 54 million
reads per sample. The MEGAREs database, a hand curated antibiotic resistance database,
and a customized metal and biocide resistance (MBR) database were used to map ARG and
MBR sequences. Approximately 0.12% of the reads aligned with 35 AMR mechanisms, and
about 0.04% of the reads were linked to 15 MBR classes, including 32 resistance
mechanisms. The abundance of AMR-MBR genes in different sample types from highest to
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lowest was fecal, influent, catchment basin water, and soil. The catchment basin resistome
consisted of 84 ARG and MBR gene groups conferring resistance to tetracyclines,
macrolides, aminoglycosides, beta-lactams, sulfonamides, mercury, and MDR. Since the
three most abundant ARG groups in the catchment basin were similar to fecal samples, this
similarity may demonstrate the impact of runoff from the feedlot pen floors, especially
tetracycline resistance. Feedlots shared anywhere from 24 to 38 ARG groups from
tetracycline, macrolide, and aminoglycoside resistance classes with their associated
catchment basins.

Metagenomics was also utilized to not only analyze the source, prevalence, and risk of
ARGs in the sediments of a lake in China, but to also compare with other global lakes (Chen
etal., 2019). The reservoir of ARGs in lakes was the focal point because these reservoirs
could lead to ARGs persisting in the environment and create opportunities for their
emergence in resistant pathogens. Samples were collected from the sediment of Lake Tai in
China, and 36 metagenomic data sets were obtained representing lake sediments from five
countries (Australia — 3, Canada — 6, Indonesia — 4, Rwanda - 5, and U.S.A — 18). The
samples collected from Lake Tai underwent shotgun sequencing using the Illumina HiSeq
platform resulting in >11.8 billion paired-end reads (average of 79.0 million reads per
sample). Clean reads were de novo assembled using MEGAHIT, a fast single-node solution
de novo assembler, with default parameters. The 36 public metagenomic data sets of
sediments globally were assembled, predicted, and clustered with the same pipeline to make
results comparable. DeepARG-DB, a recent release of a manually curated ARG resource,
was used as the ARG reference database. Overall, 21 ARG types were detected in Lake Tai
sediment with 82.5% of the total ARG coverage belonging to 6 dominant ARG types:
multidrug, MLSB, bacitracin, quinolone, mupirocin, and trimethoprim. Diversity analysis of
ARGs showed a total of 321 ARG subtypes. Of these subtypes, 63 core subtypes belonging
to 14 ARG types that were shared by all samples and contributed to 90.9-93.7% of the total
ARG coverage. Compared to the other lakes world-wide, Lake Tai in China had increased
occurrences of ARGs, which were attributed to direct contamination with human and animal
fecal material and residual antibiotics, metals, biocides, and other environmental
contaminants. Notably, many of the subtypes detected in this study had not been reported in
previous studies of lakes in China, or worldwide when using culture-dependent or qPCR
approaches.

Lastly, Dang et al. (2020) used metagenomics to profile the resistome of the Danjiangkou
Reservoir, the largest drinking water reservoir in China. Due to the long-term storage and
residence time of water in reservoirs, the storage and accumulation of ARGs may be
increased. However, resistomes in reservoirs have not been fully characterized, and potential
health risks are not known. During different seasons, the resistomes of the reservoir water
and sediment were investigated using metagenomic sequencing approaches. Bacterial
community composition was determined using the llumina MiSeq platform to amplify and
sequence the 16S rRNA V3-V4 hypervariable regions. Shotgun metagenomic sequencing
was performed simultaneously to identify ARGs. A library was constructed and sequenced
using the Illumina HiSeq 4000 platform. Only 42 samples were subjected to sequencing,
because four samples failed to construct libraries due to low DNA concentrations. ARG
reads were identified against the Structured Antibiotic Resistance Gene (SARG) database. In
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total, 436 ARG subtypes from 20 different ARG types were found in 24 water and 18
sediment samples. In general, the abundance of ARGs in sediment samples was higher than
in water samples, and ARGs for vancomycin and bacitracin were most predominant in
sediment and water, respectively. The number of ARGs was higher during the dry season,
and the composition of ARG subtypes between seasons was significantly different in water
samples but not in sediment samples. The assembled metagenome classified 14 contigs as
pathogens carrying ARGs (E. coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa)
with three possessing virulence factors. Therefore, the risk to public health may be higher
during the dry season and strategies should be implemented to control sediment and monitor
pathogens.

4. Whole Genome Sequencing

While culture-based work utilizing break point concentrations of antibiotic compounds has
been the gold standard for determining AMR in human pathogens and clinical isolates, that
work is time intensive and may not provide information about the entire collection of AMR
present within a single isolate. Recent research has examined whether WGS can be utilized
to provide a better understanding of the total resistance present within a bacterial isolate
(Collineau et al., 2019; Hendriksen et al., 2019). WGS can theoretically identify all the
AMR-associated genes present within one bacterial isolate without any restrictions on the
class of genes and/or antibiotics, which is normally a constraint when only using phenotypic
antimicrobial susceptibility testing (AST). In fact, WGS has been shown to predict
phenotypic resistance well (McDermott et al., 2016), and multi-drug resistance within a
single isolate could be defined with greater accuracy than phenotypic analysis (Ellington et
al., 2017). Furthermore, new, unknown AMR-associated genes can be discovered to add to
AMR reference gene databases and make them more comprehensive and up to date. Finally,
WGS minimizes the common issues and disadvantages associated with culturing
environmental bacteria to determine AMR.

Whole genome sequencing is anticipated to improve the surveillance of AMR in surface
waters because it can provide a better understanding of the transmission of ARB and ARGs
throughout the environment and then, into human and animal populations, which will assist
risk assessment activities. Within the bacterial genome, AMR genes can be located on the
chromosome or MGEs, which allow the spread of these genes either clonally (e.g. vertically)
or by horizontal gene transfer, respectively. Knowledge of where a gene is located within a
bacterial genome allows for a better understanding of the mode of transmission and potential
risks associated with the spread of that gene. Plasmids appear to contribute to the spread of
AMR genes (Madec and Haenni, 2018) but sequencing them is challenging. Using short
read sequencing technologies is problematic due to repeated and/or redundant sequences
within plasmids, which make it difficult to accurately construct the plasmid. As a result, it is
challenging to discern where an AMR gene would be located (e.g. on the chromosome
versus MGE). However, if long read technologies are utilized, the plasmid structure can be
accurately constructed. If AMR genes located on plasmids can be differentiated from those
found on the chromosome, then, WGS could be used to determine how these AMR genes
may be spread (Orlek et al., 2017). Furthermore, if plasmid structures and other mobile

J Microbiol Methods. Author manuscript; available in PMC 2022 May 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Franklin et al.

Page 14

elements can be accurately constructed, co-selection of AMR could be determined for AMR
genes that are located on the same genetic element (Wales and Davies, 2015).

Compared to conventional subtyping techniques, WGS can be employed to subtype bacteria
using in silico techniques, which provide lower costs, higher resolution, increased
robustness, and faster results. The discriminatory power of WGS far exceeds conventional
subtyping (e.g. multi-locus sequence typing) and can distinguish between two bacterial
isolates of the same species and suggest or refute an epidemiological relationship between
them (Tassios and Moran-Gilad, 2018; Schiirch et al., 2018). Furthermore, by having the
ability to look at the entire genome, genes that increase the likelihood of growth or survival
in the presence of antibiotic compounds and/or under other stress conditions (e.g. extreme
temperatures, acidity, high osmolality, desiccation, detergents, or disinfectants) can be
identified within bacteria of interest, specifically pathogens. Identifying genes that would
provide an advantage during stress conditions, particularly in the presence of antibiotic
compounds, is important to validate the survival of the bacteria. A major question about
using WGS for identification of AMR and potential risks, especially without culturing, is
whether the presence of a gene or genes within the bacteria will allow that bacteria to
survive and maintain that resistance or pass it along in the environment (Collineau et al.,
2019).

Recent research has begun to incorporate WGS when analyzing AMR in surface waters in
addition to phenotypic and other genotypic techniques. Gomi et al. (2016) performed WGS
analysis on 152 selected strains of 531 E. coli isolates from the Yamato River in Japan that
first underwent phenotypic resistance analysis. Initial phenotypic analysis found that 14.3%
of the isolates were MDR, 12.4% were non-susceptible to one to two classes of
antimicrobials, and 73.3% were pan-susceptible. When WGS was performed, AMR in these
isolates was confirmed by the discovery of more than 50 different resistance determinants,
including chromosomal resistance mutations as well as acquired ARGs. In addition, among
the 66 MDR strains that were sequenced, clinically important clonal groups were found
including sequence type (ST) complexes that differed from one another by no more than two
of the seven loci used for MLST genotyping. Within extraintestinal pathogenic E. coli
(EXPEC) strains, clonal groups that were clinically important were prevalent. Finally, the
analysis of phylogenic and virulence genes for a major clonal EXPEC group (ST95) that is
associated with community onset infections showed that environmental strains were not
significantly different than clinical strains. These results indicated that surface waters were
contaminated by E. coli strains from clonal groups of clinical importance.

In Germany, ESBL/carbapenemase-producing bacteria in surface waters and sediment were
analyzed for multidrug resistance using culture-based approaches and WGS (Falgenhauer et
al., 2019). Bacteria were isolated using selective culture techniques (CHROMagar ESBL
plates) with speciation determined on a subset that then underwent AST. The presence of
MDR was evaluated in seven species of clinical relevance (Acinetobacter baumannii,
Citrobacter freundii, Enterobacter cloacae complex, E. coli, Klebsiella oxytoca, Klebsiella
pneumoniae, and Pseudomonas aeruginosa). WGS was used to analyze for ARGs and
virulence determinants on a subset of 33 isolates, including the seven clinically relevant
species. Of the isolates analyzed, 89% were clinically relevant species, 58% exhibited an
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MDR phenotype, two E. coli isolates had STs linked to human infections (ST131 and
ST1485), two isolates possessed mobile colistin resistance (mcr-1), and an isolate of
Klebsiella pneumoniae was classified as hypervirulent.

Another recent study analyzing waterborne E. coli for AMR in surface waters and
wastewaters of Northern Colorado utilized culture-based techniques coupled with WGS to
validate the presence of AMR, specifically for ESBL and Klebsiella pseumoniae
carbapenemase (KPC) mechanisms (Haberecht et al., 2019). Seventy E. coli isolates had
AMR validated for a panel of 17 antibiotics using the broth microdilution technique. PCR
was then used to further confirm common ESBL genes. Functional similarity was
determined via dendrograms generated by the PhenePlate system assay that used patterns in
metabolism of carbon source to determine clonal relatedness of bacterial isolates. WGS was
performed on 21 isolates from wastewater to screen for 185 ARGs and confirmed diverse
ARG classes in the genomes of those isolates. Of note, while KPC screening detected
positive isolates, carbapenemase-encoding genes (hdm-1, oxa-48, and vim) were not found
in those isolates. However, E. coli did possess genes for multiple efflux pumps. The presence
of efflux pumps is one mechanism of resistance to carbapenem drugs and supports why
isolates tested positive for KPC even though they did not possess known carbapenemase-
encoding genes. This demonstrates the usefulness of WGS not only for in depth analysis of
AMR within isolates, but also to increase resistance gene indexing. Based on the findings of
this study, the authors suggested integration of phenotypic and genotypic profiling beyond
the typical mechanisms associated with ESBL and KPC. Utilizing multiple approaches to
screen isolates for AMR in surface waters may help prevent drug-resistant E. coli from
spreading from waters to human and animals.

While the use of WGS in surface waters for analyzing AMR is still limited, the wide-spread
utilization of this technique could lead to major advances in resistome surveillance where
AMR could be predicted from genomic data alone. Studies, including those investigating
Enterobacteriaceae and food-borne pathogens, have demonstrated that a high agreement
(>96%) can be shown between the occurrence of AMR (genes or mutations) and the
minimum inhibitory concentrations (MIC) of certain antibiotics at or above the clinical
breakpoint or epidemiological cut-off values for AMR (McDermott et al., 2016; Mason et
al., 2018; Tyson et al., 2018; Lauener et al., 2019). Whole genome sequencing has been
shown to possess high analytical sensitivity or a true positive rate of >87% in accurately
classifying AMR determinants in bacterial isolates with an AMR phenotype. The analytical
specificity or true negative rate of WGS has been found to be even higher at >98% in
accurately determining the absence of AMR determinants within phenotypically determined
AMR susceptible isolates (Gordon et al., 2014; McDermott et al., 2016; Shelburne et al.,
2017).

Additionally, recent research has employed machine or deep learning to produce sequence
data from bacterial genomes, which demonstrates the possibility of using WGS techniques
to predict AMR and perhaps the MICs of antibiotics (Eyre et al., 2017; Nguyen et al., 2018;
Nguyen et al., 2019). Bioinformatic analysis can provide a frame of reference for co-carriage
or selection of specific genes that are responsible for different multidrug resistance patterns
and temporal allelic frequency and trends. It could also provide other genetic information
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such as potential for horizontal gene transfer and distribution of AMR by bacterial or
contaminant sources. WGS can also determine the presence of co-resistances that may not
have been assayed or not easy to assay (e.g. disinfectant and/or heavy metal resistance).
Finally, utilizing WGS techniques to detect and track AMR offers an opportunity to develop
a One Health surveillance framework for AMR across and between human, food, animal,
and environment systems.

5. Characterization of Antimicrobial Resistance Risks

While all of the presented methods provide valuable insight regarding sources and fates of
AMR in the environment, the primary purpose for analyzing AMR in surface waters is often
to determine what type of hazard environmental AMR poses and link environmental AMR
to human and animal health, a One Health perspective. Water creates a conduit for the
spread of AMR to human and animal populations and can present both direct and indirect
health risks (Finley et al., 2013). The direct risk is exposure to clinically relevant resistant
bacterial pathogens via surface waters, and closely linked environments, that lead to
increased AMR in human or animal populations. Indirect risks are increases or alterations of
AMR in the environment that will lead to the amplification of AMR traits or transfer of
ARGs from non-pathogenic environmental bacteria to pathogenic or commensal bacteria
(Burgmann et al., 2018; Vikesland et al., 2017). Such gene transfer events need only happen
once to present significant new public health threats (Ashbolt et al., 2013).

The type of hazard that is analyzed and the specific questions that are being posed will
determine which analytical methods to employ. Each of the above approaches has unique
advantages and disadvantages that allow them to address various types of risk (Huijbers et
al., 2019). For the analysis of direct risks, AMR in surface waters needs to be directly linked
to infectious capacity among human or animal populations (e.g. exposure to pathogenic
AMR bacteria) (Amarasiri et al., 2019). This type of analysis has traditionally relied on
culture work, which identifies and characterizes viable bacteria capable of expressing AMR
traits of interest. However, as pointed out previously, culturing environmental bacteria is
problematic and may not be able to assess certain types of AMR, including novel or
emerging modes of resistance (Bengtsson-Palme et al., 2018). As an alternative to
phenotypic testing, WGS can offer a new avenue for identifying environmental bacteria,
including pathogens and commensals, that pose direct health risks by analyzing and
surveilling the resistome of bacterial isolates and providing insight into their antimicrobial
susceptibility. While initial culture to generate isolates may be required, WGS has been
found to predict phenotypic resistance in a rapid, high-throughput, non-targeted format
compared to conventional MIC testing (McDermott et al., 2016; Walker et al., 2019). WGS
also has the potential to directly identify high-priority strains of interest, including both
strains of known concern and those with similar genetic profiles. In theory, observed
variability in AMR, virulence, and survival traits through WGS could be used to tailor
quantitative microbial risk assessment (Collineau et al., 2019).

Metagenomics can identify diverse ARGs in environmental samples, which can then be
ranked in terms of direct risk to human health based on their mobility (e.g. location on an
MGE), resistance mechanism, and association with pathogens (Martinez et al., 2015; Oh et
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al., 2018). In environmental metagenomic studies, the ARGs that pose the highest risk are
those known to contribute to clinical treatment failures and have been shown to reside on
MGEs hosted by human bacterial pathogens (Martinez et al., 2015). Likewise, metagenomic
approaches that link ARGs to MGEs and host genomes can be used to understand whether
these traits are mobile or housed by pathogenic bacterial strains without the need for initial
cultivation or a priori target selection (Oh et al., 2018). Oh et al. (2018) assembled shotgun
sequencing data from environmental samples (WWTP effluent, dairy lagoon, and hospital
sewage) to determine whether contigs containing ARGs also contain sequences like MGEs
and human pathogens. The co-occurrence of these traits among contigs were mapped into a
three-dimensional hazard space. The three dimensions were defined as (i) contigs with
ARG-like sequences, (ii) contigs annotated with ARGs and MGE-like sequences, and (iii)
contigs annotated with pathogen genomes as well as ARGs and MGEs. Using this three-
dimensional hazard space, the “resistome risk” of samples was compared, demonstrating
clustering of sources and anticipated trends (WWTP effluent < dairy lagoon < hospital
sewage).

While targeted molecular analyses such as gPCR can provide a conservative indicator of
potential human health risk, gene concentrations alone are difficult to interpret in a
quantitative risk framework, since it is unknown whether the genes are within live bacteria,
notably pathogens (Blrgmann et al., 2018). Therefore, ideally, a combination of culture-
based work along with WGS or metagenomics may provide the most comprehensive
analysis of direct threats from AMR in surface waters (Graham et al., 2019). Exposure to
ARGs, which may later result in hard-to-treat infections when established among
commensal bacteria and transferred to pathogens, is a potential endpoint of interest in this
work. For example, Leonard et al. (2018) applied metagenomic methods to characterize
ARGs in composited E. coli isolates from recreation waters in England, using results to
estimate national-level exposure to these genes during various water activities. The authors
predicted that 2.5 million water sports sessions resulted in user ingestion of at least 100 E.
coli borne ARGs.

For analysis of indirect risks, molecular methods are perhaps best suited. Quantitative
methods such as HT-qgPCR can be employed to assess or compare the prevalence of ARGs
and related genes within a study system, while non-targeted sequencing approaches such as
metagenomics and WGS are advantageous for their ability to characterize a broad range of
potential determinants, including novel ones (Burgmann et al., 2018). While culture work
can be used to determine the phenotypic expression of resistance, it does not capture the
entire bacterial community or a full diversity of resistance. This may result in the omission
of uncultivable environmental bacteria, which can serve as reservoirs of ARGs and MGEs in
the environment, and emerging resistance types or host-gene combinations that are relevant
to human health (Bengtsson-Palme et al., 2018; Vikesland et al., 2017).

WGS of environmental isolates can be used to study the evolution and transmission of AMR
as well as to stratify potential risks based on their genetic profiles (Collineau et al., 2019).
Similarly, ARGs and resistomes identified by metagenomics can be compared in their
likelihood to present human health concerns (Martinez et al., 2015; Oh et al., 2018). For
example, Chen et al. (2019) used metagenomic identification of ARGs, MGEs, and pathogen

J Microbiol Methods. Author manuscript; available in PMC 2022 May 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Franklin et al.

Page 18

genes in lake sediments to project their co-occurrence into a three-dimensional exposure
space. While sequencing methods are generally limited to semi-quantitative results, HT-
gPCR assays can then be employed to target a suite of identified genes for quantitative study
and additional monitoring in environmental samples (Amarasiri et al., 2019). HT-gPCR
provides a quantitative abundance measurement that is critical to many study designs, such
as AMR amplification or transport in environmental systems, while canvasing the entire
microbial community and avoiding the limitations of cell culture discussed above (Rocha et
al., 2019). Coupling sequencing methods with quantification of ARGs and MGEs provides a
thorough assessment of AMR within the environment and valuable insight into potential
health risks from a One Health perspective.

6. Future Needs and Directions

This review has provided an overview of contemporary molecular methods and how they can
be utilized in surface waters to characterize AMR. In addition, this review presented
information on how best to characterize risk utilizing a variety of methods. Over the past
century, molecular methods have improved remarkably and provide large amounts of data
quickly. However, while molecular methods possess many advantages compared to culture-
based analysis, a single molecular tool by itself does not provide adequate information to
fully characterize AMR within surface water systems. Using a combination of various
molecular techniques as well as incorporating culture-based techniques would provide the
most comprehensive analysis of AMR, specifically if risk assessment is a priority.

In addition to the contemporary molecular approaches presented in this review, the inclusion
of metatranscriptomics in the analysis of AMR in surface waters would provide information
about ARG expression, the dynamics of its expression within a microbial community, and
even functional information about that microbial community. To date only a handful of
studies have utilized metatranscriptomics for analysis of ARGs in the environment
(WWTPs, activated sludge, animal feces, soil, and wild birds). These studies have shown
that metatranscriptomics can be utilized to confirm that ARGs are in fact transcriptionally
active within a microbial community. The metatranscriptome can also show how expression
of the ARGs can differ, sometimes significantly, from the ARG abundance determined
through other molecular methods. The use of metatranscriptomics in combination with the
molecular approaches featured in this review for the analysis of AMR in surface waters
would provide better insight into the movement and expression of ARGs (Wang et al.,
2020b).

Furthermore, standard molecular approaches and reporting methods are necessary for
analyzing AMR in surface waters so that direct comparisons can be made between studies
and laboratories. Standardized approaches would allow a greater understanding of AMR not
only at the local/study scale, but at a global surveillance scale. Standardization would also
facilitate linking environmental AMR with human and animal populations across individual
studies to support broad One Health assessments. Currently, standard approaches and
methods for studying AMR in the environment via molecular techniques have not been
developed and/or verified across laboratories to determine consistency and comparability.
For example, in metagenomics, standardization of the number of reads necessary to fully
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characterize the metagenome would create reliable and comparable data across studies.
Likewise, not having a standard approach for reporting ARGs that are quantified via PCR
techniques is problematic for comparison purposes if absolute abundance versus relative
abundance is reported, especially since quantification of ARGs is a main way that AMR is
measured and monitored in the environment.

Overall, the implementation of standard approaches and methods for analysis of AMR in
surface waters and the environment would provide a way to gather more accurate
information about the flow of resistance between humans and animals and the environment
(McEwen and Collignon, 2018). In order to fully understand and control AMR, the human,
animal, and environmental dimensions that are interdependent must be characterized, since
they are the basis of the One Health Approach to AMR (Collignon and McEwen, 2019).
Monitoring systems are currently in place that enable extensive surveillance efforts to track
antibiotic use and AMR in human and animals (e.g. National Healthcare Safety Network,
National AMR Monitoring System, and National Animal Health Monitoring System).
However, similar surveillance systems are not in place for tracking and monitoring AMR in
surface waters and the environment. As a result, standardization of approaches and reporting
methods, which would involve incorporation of different techniques (molecular and/or
culture-based), is necessary to accurately characterize and track AMR in the environment.
This toolbox of methods would produce data to support monitoring systems for AMR in the
environment and provide a foundation for a One Health approach to studying AMR and its
risks to humans, animals, and the environment.

AMR Antimicrobial resistance

ARG Antibiotic resistance genes

PCR polymerase chain reaction

gPCR quantitative polymerase chain reaction

HT-gPCR High throughput quantitative polymerase chain reaction
WGS Whole genome sequencing

MGE Mobile genetic elements

MIC minimum inhibitory concentration

References:

Ahmed W, Zhang Q, Lobos A, Senkbeil J, Sadowsky MJ, Harwood VJ, Saeidi N, Marinoni O, Ishii S,
2018. Precipitation influences pathogenic bacteria and antibiotic resistance gene abundance in storm
drain outfalls in coastal sub-tropical waters. Environ. Int 116, 308-318. 10.1016/
j.envint.2018.04.005. [PubMed: 29754026]

Amarasiri M, Sano D, Suzuki S, 2019. Understanding human health risks caused by antibiotic resistant
bacteria (ARB) and antibiotic resistance genes (ARG) in water environments: current knowledge
and questions to be answered. Crit. Rev. Environ. Sci. Technol 50 (19), 2016-2059.
10.1080/10643389.2019.1692611.

J Microbiol Methods. Author manuscript; available in PMC 2022 May 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Franklin et al.

Page 20

Ashbolt NJ, Amézquita A, Backhaus T, Borriello P, Brandt KK, Collignon P, Coors A, Finley R, Gaze
WH, Heberer T, Lawrence JR, 2013. Human health risk assessment (HHRA) for environmental
development and transfer of antibiotic resistance. Environ. Health Perspect 121 (9), 993-1001.
10.1289/ehp.1206316. [PubMed: 23838256]

Banerji A, Jahne M, Herrmann M, Brinkman N, Keely S, 2019. Bringing community ecology to bear
on the issue of antimicrobial resistance. Front. Microbiol 10, 2626. 10.3389/fmicbh.2019.02626.
[PubMed: 31803161]

Bengtsson-Palme J, Kristiansson E, Larsson DJ, 2018. Environmental factors read of antibiotic
resistance. FEMS Microbiol. Rev 42(1) 10.1093/femsre/fux053.

Berkner S, Konradi S, Schonfeld J, 2014. Antibiotic resistance and the environment- there and back
again: Science & Society series on Science and Drugs. EMBO Rep. 15 (7), 740-744. 10.15252/
embr.201438978. [PubMed: 24925529]

Buelow E, Byjanov JR, Majoor E, Willems RJL, Bonten MJM, Schmitt H, van Schaik W, 2018.
Limited influence of hospital wastewater on the microbiome and resistome of wastewater in a
community sewerage system. FEMS Microbiol. Ecol 94 (7) 10.1093/femsec/fiy087.

Bueno I, Travis D, Gonzalez-Rocha G, Alvarez J, Lima C, Benitez CG, Phelps NBD, Wass B, Johnson
TJ, Zhang Q, Ishii S, Singer RS, 2019. Antibiotic resistance genes in freshwater trout farms in a
watershed in Chile. J. Environ. Qual 48, 1462-1471. 10.2134/jeq2018.12.0431. [PubMed:
31589726]

Bueno I, Verdugo C, Jimenez-Lopez O, Alvarez PP, Gonzalez-Rocha G, Lima CA, Travis DA, Wass B,
Zhang Q, Ishii S, Singer RS, 2020. Role of wastewater treatment plants on envionmental abundance
of antimicrobial resistance genes in Chilean rivers. Int. J. Hyg. Environ. Health 223 (1), 56-64.
10.1016/j.ijheh.2019.10.006. [PubMed: 31722832]

Biurgmann H, Frigon D, Gaze H, Manaia C, Pruden A, Singer AC, Smets B, Zhang T, 2018. Water and

sanitation: an essential battlefront in the war on antimicrobial resistance. FEMS Microbiol. Ecol
94 (9) 10.1093/femsec/fiy101.

Chen H, Jing L, Yao Z, Meng F, Teng T, 2019. Prevalence, source, and risk of antibiotic resistance
genes in the sediments of Lake tai (China) deciphered by metagenomic assembly: A comparison
with other global lakes. Environ. Int 127, 267-275. 10.1016/j.envint.2019.03.048. [PubMed:
30928850]

Collignon PJ, McEwen SA, 2019. One health - its importance in helping to better control antimicrobial
resistance. Trop. Med. Infect. Dis 4 (1), 22. 10.3390/tropicalmed4010022.

Collineau L, Boerlin P, Carson CA, Chapman B, Fazil A, Hetman BM, McEwen SA, Parmley EJ,
Reid-Smith RJ, Taboada EN, Smith BA, 2019. Integrating whole genome sequencing data into
quantitative risk assessment of foodborne antimicrobial resistance: A review of opportunities and
challenges. Front. Microbiol 10, 1107. 10.3389/fmich.2019.01107. [PubMed: 31231317]

Corno G, Yang Y, Eckert EM, Fontaneto D, Fiorentino A, Galafassi S, Zhang T, Cesare AD, 2019.
Effluents of wastewater treatment plants promote the rapid stabilization of the antibiotic resistome
in receiving freshwater bodies. Water Res. 158, 72-81. 10.1016/j.watres.2019.04.031. [PubMed:
31015144]

Dang C, Xia Y, Zheng M, Liu T, Liu W, Chen Q, Ni J, 2020. Metagenomic insights into the profile of
antibiotic resistomes in a large drinking water reservoir. Environ. Int. 136, 105449. 10.1016/
j.envint.2019.105449. [PubMed: 31924580]

Ellington MJ, Ekelund O, Aarestrup FM, Canton R, Doumight M, Giske D, Grundman H, Hasman H,
Holden MTG, Hopkins KL, Iredell J, Kahlmeter G, Koser CU, MacGowan A, Mevius D, Mulvius
D, Mulvey M, Naas T, Peto T, Rolain JM, Samuelsen O, Woodford N, 2017. The role of whole
genome sequencing in antimicrobial susceptibility testing of bacteria: report from the EUCAST
subcommittee. Clin. Microbiol. Infect 23, 2-22. 10.1016/j.cmi.2016.11.012. [PubMed: 27890457]

Eyre DW, De SD, Cole K, Peters J, Cole MJ, Grad YH, Demczuk W, Martin I, Mulvey MR, Crook
DW, Walker AS, Peto TEA, Paul J, 2017. WGS to predict antibiotic MICs for Neisseria
gonorrhoeae. J. Antimicrob. Chemother 72, 1937-1947. 10.1093/jac/dkx067. [PubMed:
28333355]

Falgenhauer L, Schwengers O, Schmiedel J, Baars C, Lambrecht O, Hess S, Berendonk TU,
Falgenhauer J, Chakraborty T, Imirzalioglu C, 2019. Multidrug resistant and clinically relevant

J Microbiol Methods. Author manuscript; available in PMC 2022 May 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Franklin et al.

Page 21

gram-negative bacteria are present in German surface waters. Front. Microbiol 10, 2779. 10.3389/
fmicb.2019.02779. [PubMed: 31849911]

Finley RL, Collignon P, Larsson DJ, McEwen SA, Li XZ, Gaze WH, Reid-Smith R, Timinouni M,
Graham DW, Topp E, 2013. The scourge of antibiotic resistance: the important role of the
environment. Clin. Infect. Dis 57 (5), 704—710. 10.1093/cid/cit355. [PubMed: 23723195]

Franklin AM, Aga DS, Cytryn E, Durso LM, McLain JE, Pruden A, Roberts MC, Rothrock MJ, Snow
DD, Watson JE, Dungan RS, 2016. Antibiotics in Agroecosystems: introduction to the special
section. J. Environ. Qual 45 (2), 377-393. 10.2134/jeq2016.01.0023. [PubMed: 27065385]

Gomi R, Matsuda T, Matsumura Y, Yamamoto M, Tanaka M, Ichiyama S, Yoneda M, 2016. Whole-
genome analysis of antimicrobial-resistant and extraintestinal pathogenic Escherichia coli in river
water. Appl. Environ. Microbiol 83 (5), €02703-e02716. 10.1128/AEM.02703-16.

Gordon NC, Price JR, Cole K, Everitt R, Morgan M, Finney J, Keagrns AM, Pichon B, Young B,
Wilson DJ, Llewelyn MJ, Paul J, Peto TEA, Crook DW, Walker AS, Golubchik T, 2014. Prediction
of Staphylococcus aureus antimicrobial resistance by whole-genome sequencing. J. Clin.
Microbiol 52, 1182-1191. 10.1128/JCM.03117-13. [PubMed: 24501024]

Graham DW, Bergeron G, Bourassa MW, Dickson J, Gomes F, Howe A, Kahn LH, Morley PS, Scott
HM, Simjee S, Singer RS, 2019. Complexities in understanding antimicrobial resistance across
domesticated animal, human, and environmental systems. Ann. N. Y. Acad. Sci 1441 (1), 17.
10.1111/nyas.14036. [PubMed: 30924539]

Gupta CL, Tiwari RK, Cytryn E, 2020. Platforms for elucidating antibiotic resistance in single
genomes and complex metagenomes. Environ. Int 138, 105667. 10.1016/j.envint.2020.105667.
[PubMed: 32234679]

Haberecht HB, Nealong NJ, Gilliland JR, Holder AV, Runyan C, Oppel RC, Ibrahim HM, Mueller L,
Schrupp F, Vilchez S, Antony L, Scaria J, Ryan EP, 2019. Antimicrobial-resistant Escherichia coli
from environmental waters in northern Colorado. J. Environ. Public Health 3862949.
10.1155/2019/3862949.

Harbottle H, Thakur S, Zhao S, White DG, 2006. Genetics of antimicrobial resistance. Anim.
Biotechnol 17 (2), 111-124. 10.1080/10495390600957092. [PubMed: 17127523]

Hendriksen RS, Bortolaia V, Tate H, Tyson GH, Aarestrup FM, McDermott PF, 2019. Using genomics
to track global antimicrobial resistance. Front. Public Health 7, 242. 10.3389/fpubh.2019.00242.
[PubMed: 31552211]

Huijbers PM, Flach CF, Larsson DJ, 2019. A conceptual framework for the environmental surveillance
of antibiotics and antibiotic resistance. Environ. Int 130, 104880. 10.1016/j.envint.2019.05.074.
[PubMed: 31220750]

Infectious Diseases Society of America (IDSA), 2004. Bad Bugs, No Drugs: As Antibiotic R&D
Discovery Stagnates a Public Health Crisis Brews. Infectious Diseases Society of America,
Alexandria, VA (accessed Feb 20, 2020).

Ishii S, 2020. Quantification of antibiotic resistance genes for environmental monitoring: current
methods and future directions. Curr. Opin. Environ. Sci. Health 16, 47-53. 10.1016/
j.coesh.2020.02.004.

Ishii S, Segawa T, Okabe S, 2013. Simultaneous quantification of multiple food- and waterborne
pathogens by use of microfluidic quantitative PCR. Appl. Environ. Microbiol 117, 2891-2898.
10.1128/AEM.00205-13.

Knight R, Vfbanac A, Taylor BC, Aksenov A, Callewaert C, Debelius J, Gonzalez A, Kosciolek T,
McCall L-1, McDonald D, Melnik AV, Morton JT, Navas J, Quinn RA, Sanders JG, Swafford AD,
Thompson LR, Tripathi A, Xu ZZ, Zaneveld JR, Zhu Q, Caporaso JG, Dorrestein PC, 2018. Best
practices for analyzing microbiomes. Nat. Rev. Microbiol 16, 410-422. 10.1038/
s41579-018-0029-9. [PubMed: 29795328]

Lamas A, Franco CM, Regal P, Miranda JM, Vazquez, B, Cepeda A, 2016. Highthroughput platforms
in real-time PCR and applications. In: Samadikuchaksaraei’s A (Ed.), Polymerase Chain Reaction
for Biomedical Applications. IntechOpen, pp. 15-38. Retrieved from.

Lauener FN, Imkamp F, Lehours P, Buissonniere A, Benejat L, Zbinden R, Keller P, Wagner K, 2019.
Genetic determinants and prediction of antibiotic resistance phenotypes in Helicobacter pylori. J.
Clin. Med 8, E53 10.3390/jcm8010053. [PubMed: 30621024]

J Microbiol Methods. Author manuscript; available in PMC 2022 May 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Franklin et al.

Page 22

Leonard AFC, Yin XL, Zhang T, Hui M, Gaze WH, 2018. A coliform-targeted metagenomic method
facilitating human exposure estimates to Escherichia coli-borne antibiotic resistance genes. FEMS
Microbiol. Ecol 94 (3) fiy024.

Liu L, Su J-Q, Guo Y, Wilkinson DM, Liu Z, Zhu Y-G, Yang J, 2018. Large-scale biogeographical
patterns of bacterial antibiotic resistome in the waterbodies of China. Environ. Int 117, 292-299.
10.1016/j.envint.2018.05.023. [PubMed: 29891393]

Madec JY, Haenni M, 2018. Antimicrobial resistance plasmid reservoir in food and food-producing
animals. Plasmid 99, 72-81. 10.1016/j.plasmid.2018.09.001. [PubMed: 30194944]

Martinez JL, Coque TM, Baquero F, 2015. What is a resistance gene? Ranking risk in resistomes. Nat.
Rev. Microbiol 13 (2), 116-123. 10.1038/nrmicro3399. [PubMed: 25534811]

Mason A, Foster D, Bradley P, Golubchik T, Doumith M, Gordon NC, Pichon B, Igbal Z, Staves P,
Crook D, Walker AS, Kearns A, Peto T, 2018. Accuracy of different bioinformatics methods in
detecting antibiotic resistance and virulence factors from Staphylococcus aureus whole-genome
sequences. J. Clin. Microbiol. 56 (9), e01815-e01817. 10.1128/JCM.01815-17. [PubMed:
29925638]

McDermott PF, Tyson GH, Kabera C, Chen Y, Li C, Folster JP, Ayers SL, Lam C, Tate HP, Zhao S,
2016. Whole-genome sequencing for detecting antimicrobial resistance in nontyphoidal
Salmonella. Antimicrobial Agents Chemo. 60 (9), 5515-5520. 10.1128/AAC.01030-16.

McEwen SA, Collignon PJ, 2018. Antimicrobial resistance: A one health perspective. Microbiol.
Spectr 6 (2) 10.1128/microbiolspec. ARBA-0009-2017.

McLain JE, Cytryn E, Durso LM, Young S, 2016. Culture-based methods for detection of antibiotic
resistance in agroecosystems: advantages, challenges, and gaps in knowledge. J. Environ. Qual 45
(2), 432-440. 10.2134/jeq2015.06.0317. [PubMed: 27065389]

Muziasari WI, Parnénen K, Johnson TA, Lyra C, Karkman A, Stedtfeld RD, Tamminen M, Tiedje JM,
Virta M, 2016. Aquaculture changes the profile of antibiotic resistance and mobile genetic element
associated genes in Baltic Sea sediments. FEMS Microbiol. Ecol 92 10.1093/femsec/fiw052

Muziasari WI, Pitkdnen LK, Sgrum H, Stedtfeld RD, Tiedje JM, Virta M, 2017. The Resistome of
farmed fish feces contributes to the enrichment of antibiotic resistance genes in sediments below
Baltic Sea fish farms. Front. Microbiol. 7, 2137. 10.3389/fmicb.2016.02137. [PubMed: 28111573]

Neher TP, Ma L, Moorman TB, Howe AC, Soupir ML, 2020. Catchment-scale export of antibiotic
resistance genes and bacteria from an agricultural watershed in central lowa. PLoS One 15 (1),
€0227136. 10.1371/journal.pone.0227136. [PubMed: 31923233]

Ng C, Tay M, Tan B, Le TH, Haller L, Chen H, Koh TH, Barkham TMS, Thompson JR, Gin KY-H,
2017. Characterization of metagenomes in urban aquatic compartments reveals high prevalence of
clinically relevant antibiotic resistance genes in wastewaters. Front. Microbiol 8, 2200. 10.3389/
fmicb.2017.02200. [PubMed: 29201017]

Nguyen M, Brettin T, Long SW, Musser JM, Olsen RJ, Olson R, Shukla M, Stevens RL, Xia F, Yoo H,
Davis JJ, 2018. Developing an in silico minimum inhibitory concentration panel test for Klebsiella
pneumoniae. Sci. Rep 8, 421-18972. 10.1038/s41598-017-18972-w. [PubMed: 29323230]

Nguyen M, Long SW, McDermott PF, Olsen RJ, Olson R, Stevens RL, Tyson GH, Zhao S, Davis JJ,
2019. Using machine learning to predict antimicrobial MICs and associated genomic features for
nontyphoidal Salmonella. J. Clin. Microbiol 57 10.1128/JCM.01260-18 e01260-18. [PubMed:
30333126]

Nowrotek M, Jalowiecki L, Harnisz M, Plaza GA, 2019. Culturomics and metagenomics: in
understanding environmental resistome. Front. Environ. Sci. Eng 13, 40. 10.1007/
$11783-019-1121-8.

Oh M, Pruden A, Chen C, Heath LS, Xia K, Zhang L, 2018. MetaCompare: a computational pipeline
for prioritizing environmental resistome risk. FEMS Microb. Ecol 94 (7) 10.1093/femsec/fiy079.

O’Neill J, 2016. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations the
Review on Antimicrobial Resistance (accessed on 15 march 2020)]; available online. https://amr-
review.org/sites/default/files/160525_Finalpaper_withcover.pdf.

Orlek A, Stoesser N, Anjum MF, Doumith M, Ellington MJ, Peto T, Crook D, Woodford N, Walker
AS, Phan H, Sheppard AE, 2017. Plasmid classification in an era of whole-genome sequencing:

J Microbiol Methods. Author manuscript; available in PMC 2022 May 01.


https://amr-review.org/sites/default/files/160525_Finalpaper_withcover.pdf
https://amr-review.org/sites/default/files/160525_Finalpaper_withcover.pdf

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Franklin et al.

Page 23

application in studies of antibiotic resistance epidemiology. Front. Microbiol 8, 182. 10.3389/
fmicb.2017.00182. [PubMed: 28232822]

Peng F, Isabwe A, Guo Y, Chen H, Yang J, 2019. An extensively shared antibiotic resistome among
four seasons suggests management prioritization in a subtropical riverine ecosystem. Sci. Total
Environ 673, 533-540. 10.1016/j.scitotenv.2019.04.031. [PubMed: 30995587]

Peng F, Guo Y, Isabwe A, Chen H, Wang Y, Zhang Y, Zhu Z, Yang J, 2020. Urbanization drives
riverine bacterial antibiotic resistome more than taxonomic community at watershed scale.
Environ. Int 137, 105524. 10.1016/j.envint.2020.105524. [PubMed: 32036121]

Powledge TM, 2004. The polymerase chain reaction. Adv. Physiol. Educ 28 (1-4), 44-50. [PubMed:
15149959]

Quintela-Baluja M, Abouelnaga M, Romalde J, Su J-Q, Yu Y, Gomez-Lopez M, Smets B, Zhu Y-G,
Graham DW, 2019. Spatial ecology of a wastewater network defines the antibiotic resistance genes
in downstream receiving waters. Water Res. 162, 347-457. 10.1016/j.watres.2019.06.075.
[PubMed: 31295654]

Rocha J, Fernandes T, Riquelme MV, Zhu N, Pruden A, Manaia CM, 2019. Comparison of culture-and
quantitative PCR-based indicators of antibiotic resistance in wastewater, recycled water, and tap
water. Int. J. Environ. Res. Public Health 16 (21), 4217. 10.3390/ijerph16214217.

Roszak DB, Colwell RR, 1987. Survival strategies of bacteria in the natural environment. Microbiol.
Rev 51 (3), 365-379. [PubMed: 3312987]

Rothrock MJ, Keen PL, Cook KL, Durso LM, Franklin AM, Dungan RS, 2016. How should we be
determining background and baseline antibiotic resistance levels in agroecosystem research. J.
Environ. Qual 45 (2), 420-431. 10.2134/jeq2015.06.0327. [PubMed: 27065388]

Sandberg KD, Ishii S, LaPara TM, 2018. A microfluidic quantitative polymerase chain reaction
method for the simultaneous analysis of dozens of antibiotic resistance and heavey metal
resistance genes. Environ. Sci. Technol. Let 5 (1), 20-25. 10.1021/acs.estlett.7b00552.

Sander BC, Kalff J, 1993. Factors controlling bacterial production in marine and freshwater sediments.
Microb. Ecol 26, 79-99. 10.1007/BF00177045. [PubMed: 24190006]

Schirch AC, Arredondo-Alonso S, Willems RJL, Goering RV, 2018. Whole genome sequencing
options for bacterial strain typing and epidemiologic analysis based on single nucleotide
polymorphism versus gene-by-gene—based approaches. Clin. Microbiol. Infect 24, 350-354.
[PubMed: 29309930]

Shahraki AH, Heath D, Chaganti SR, 2019. Recreational water monitoring: Nanofluidic gRT-PCR chip
for assessing beach water safety. Environ. DNA 1 (4), 305-315. 10.1002/edn3.30.

Shelburne SA, Kim J, Munita JM, Sahasrabhojane P, Shields RK, Press EG, Li X, Arias CA, Cantarel
B, Jiang Y, Kim MS, Aitken SL, Greenberg DE, 2017. Whole-genome sequencing accurately
identifies resistance to extended spectrum beta-lactams for major gram-negative bacterial
pathogens. Clin. Infect. Dis 65, 738-745. 10.1093/cid/cix417. [PubMed: 28472260]

Tassios PT, Moran-Gilad J, 2018. Bacterial next generation sequencing (NGS) made easy. Clin.
Microbiol. Infect 24 (4), 332-334. 10.1016/j.cmi.2018.03.001. [PubMed: 29548687]

Tyson GH, Sabo JL, Rice-Trujillo C, Hernandez J, McDermott PF, 2018. Whole genome sequencing
based characterization of antimicrobial resistance in Enterococcus. Pathog. Dis 76 (2) 10.1093/
femspd/fty018.

Uyaguari-Diaz MI, Croxen MA, Luo Z, Cronin KI, Chan M, Baticados WN, Nesbitt MJ, Li S, Miller
KM, Dooley D, Hsiao W, Isaac-Renton JL, Tang P, Prystajecky N, 2018. Human activity
determines the presence of integronassociated and antibiotic resistance genes in Southwester
British Columbia. Front. Microbiol 9, 852. 10.3389/fmich.2018.00852. [PubMed: 29765365]

Van Goethem MW, Pierneef R, Bezuidt OKI, Van De Peer Y, Cowan DA, Makhalanyane TP, 2018. A
reservoir of ‘historical’ antibiotic resistance genes in remote pristine Antarctic soils. Microbiome
6, 40. 10.1186/s40168-018-0424-5. [PubMed: 29471872]

Vaz-Moreira I, Egas C, Nunes OC, Manaia CM, 2013. Bacterial diversity from the source to the tap: A
comparative study based on 16S rRNA gene-DGGE and culture dependent methods. FEMS
Microbiol. Ecol 83, 361-374. 10.1111/1574-6941. [PubMed: 22938591]

Vikesland PJ, Pruden A, Alvarez PJ, Aga D, Blirgmann H, Li XD, Manaia CM, Nambi I, Wigginton K,
Zhang T, Zhu YG, 2017. Toward a comprehensive strategy to mitigate dissemination of

J Microbiol Methods. Author manuscript; available in PMC 2022 May 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Franklin et al.

Page 24

environmental sources of antibiotic resistance. Environ. Sci. Technol 51 (22), 13061-130609.
10.1021/acs.est.7b03623. [PubMed: 28976743]

Wales AD, Davies RH, 2015. Co-selection of resistance to antibiotics, biocides and heavy metals, and
its relevance to foodborne pathogens. Antibiotics (Basel). 4 (4), 567-604. 10.3390/
antibiotics4040567. [PubMed: 27025641]

Walker GT, Quan J, Higgins SG, Toraskar N, Chang W, Saeed A, Sapiro V, Pitzer K, Whitfield N,
Lopansri BK, Motyl M, 2019. Predicting antibiotic resistance in gram-negative Bacilli from
resistance genes. Antimicrob. Agents Chemother 63 (4) 10.1128/AAC.02462-18.

Wang J-Y, An X-L, Huang F-Y, Su J-Q, 2020a. Antibiotic resistome in a landfill leachate treatment
plant and effluent-receiving river. Chemosphere 242, 125207. 10.1016/
j.chemosphere.2019.125207. [PubMed: 31675591]

Wang J, Hu Y, Gao GF, 2020b. Combining metagenomics and transcriptomics to study human, animal,
and environmental resistomes. Med. Microecol 3, 100014. 10.1016/j.medmic.2020.100014.

Waseem H, Jameel S, Ali J, Saleem Ur Rehman H, Tauseef I, Faroogq U, Jamal A, Ali MI, 2019.
Contributions and challenges of high throughput gPCR for determining antimicrobial resistance in
the environment: a critical review. Molecules 24, 163. 10.3390/molecules24010163.

White A, Hughes JM, 2019. Critical importance of a one health approach to antimicrobial resistance.
EcoHealth 16, 404-409. 10.1007/s10393-019-01415-5. [PubMed: 31250160]

World Health Organization (WHO), 2015. Global Action Plan on Antimicrobial Resistance. WHO,
Geneva, Switzerland [accessed on 15 Mach 2020] Available online. https://www.who.int/
antimicrobial-resistance/publications/global-action-plan/en/.

World Health Organization (WHO), 2019. Critically important antimicrobials for human medicine, 6th
revision. WHO, Geneva, Switzerland [accessed on 30 April 2020] Available online. https://
www.who.int/foodsafety/publications/antimicrobialssixth/en/.

Zaheer R, Lakin SM, Polo RO, Cook SR, Larney FJ, Morley PS, Booker CW, Hannon SJ, Van
Domselaar G, Read RR, McAllister TA, 2019. Comparative diversity of microbiomes and
resistomes in beef feedlots, downstream environments and urban sewage influent. BMC Microbiol.
19, 197. 10.1186/5s12866-019-1548-x. [PubMed: 31455230]

Zhang M, Wan K, Zeng J, Lin W, Ye C, Yu X, 2020. Co-selection and stability of bacterial antibiotic
resistance by arsenic pollution accidents in source water. Environ. Int 135, 105351. 10.1016/
j.envint.2019.105351. [PubMed: 31794937]

Zhou J, He Z, Yang Y, Deng Y, Tringe SG, Alvarez-Cohen L, 2015. High throughput metagenomic
technologies for complex microbial community analysis: open and closed formats. mBIO 6 (1).
10.1128/mBi0.02288-14€02288-14.

J Microbiol Methods. Author manuscript; available in PMC 2022 May 01.


https://www.who.int/antimicrobial-resistance/publications/global-action-plan/en/
https://www.who.int/antimicrobial-resistance/publications/global-action-plan/en/
https://www.who.int/foodsafety/publications/antimicrobialssixth/en/
https://www.who.int/foodsafety/publications/antimicrobialssixth/en/

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Franklin et al.

Page 25

Highlights

. Molecular methods offer extra insight into antimicrobial resistance in surface
waters

. Methods for detecting antimicrobial resistance have advantages and
disadvantages

. Combination of culture- and molecular-based methods is needed to determine
risk

. Characterizing environmental antimicrobial resistance offers a One Health
perspective
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Advantages and disadvantages of current methods utilized to characterize antimicrobial resistance in surface

waters.

Method

Advantages

Disadvantages

Culture-based

Feasibility of implementation

Low technical requirements

Potential for global data comparability

Ability to determine MIC of culturable bacteria and
phenotypic changes under selection pressure of
antibiotics

Consistent with existing water quality regulations
and monitoring programs

Labor- and time-consuming

Lacks representation of full microbial community

Inherent cultivation bias with easily cultivated bacteria being
cultured the most (i.e. selects for fast growing bacteria with
overnight cultures whereas many environmental bacteria may
need more culture time)

Neglects unculturable bacteria

Lack of bench-marking against culture-independent methods

gPCR

More precise quantification of target gene
Ability to detect low-abundance genes

Quantify ARGs in different environments.

With newer technologies, able to analyze a large
suite of target genes

Inability to ascertain gene expression

gPCR inhibition (Of note, ddPCR is not as sensitive to
inhibitors)

Inability to directly discriminate extracellular from intracellular
DNA

Limited by design of primers and known antibiotic resistance
genes

Metagenomics

Analyze all genes in environmental samples

Carry out bacterial taxonomy and functional gene
(ARGs, MGEs, etc.) analysis simultaneously
Eliminates problems with unsuitable primer design
and PCR biases

Discover new antibiotic resistance genes

PCR-dependent and PCR biases can affect analytical sensitivity
and accuracy (i.e. exaggerations of dominant taxa or omitting
low number abundance taxa)

Doesn’t provide enough sequencing depth to enrich and
assemble genomes of a single strain (esp. in complex matrices),
however is platform dependent

Poor repeatability, high cost, and laborious with complex sample
preparation and analysis

No live, dead, or active discrimination when not culturing first
Results dependent on library preparation and bioinformatic
workflows

Whole Genome
Sequencing —
Antimicrobial
Susceptibility
Testing (WGS-

AST)

Antimicrobial resistant bacteria can be typed and
traced by specific allele profiles.

Determine co-carriage of specific genes causing
different multi-drug resistance patterns.

Directly link phenotypic antibiotic resistance with
the presence or absence of certain genes.

Limited to the individual bacterial cells that can be cultured and
sequenced.
Requires accurate and up to date reference databases
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