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a b s t r a c t

Antimicrobial resistance genes (ARGs) present in the environment pose a risk to human health due to
potential for transfer to human pathogens. Surveillance is an integral part of mitigating environmental
dissemination. Quantification of the mobile genetic element class 1 integron-integrase gene (intI1) has
been proposed as a surrogate to measuring multiple ARGs. Measurement of such indicator genes can be
further simplified by adopting emerging nucleic acids methods such as loop mediated isothermal
amplification (LAMP). In this study, LAMP assays were designed and tested for estimating relative
abundance of the intI1 gene, which included design of a universal bacteria 16S rRNA gene assay.
Following validation of sensitivity and specificity with known bacterial strains, the assays were tested
using DNA extracted from river and lake samples. Results showed a significant Pearson correlation
(R2 ¼ 0.8) between the intI1 gene LAMP assay and ARG relative abundance (measured via qPCR). To
demonstrate the ruggedness of the LAMP assays, experiments were also run in the hands of relatively
“untrained” personnel by volunteer undergraduate students at a local community college using a hand-
held real-time DNA analysis device - Gene-Z. Overall, results support use of the intI1 gene as an indicator
of ARGs and the LAMP assays exhibit the opportunity for volunteers to monitor environmental samples
for anthropogenic pollution outside of a specialized laboratory.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Environmental hotspots for antimicrobial resistant bacteria
(ARBs) and antimicrobial resistance genes (ARGs) are a threat to
human health because of the potential for enrichment and transfer
of antimicrobial resistance. Characterization and identification of
anthropogenic influence on dissemination of ARBs in the environ-
ment is critical for control and mitigation. Although, direct mea-
surements of abundance of all ARBs and ARGs is more precise, there
East Lansing, MI, 48824-1319,

sham).
is also a growing interest in the use of bioindicators as a surrogate
or proxy for anthropogenic pollution (Paoletti, 1999; Rockstr€om
et al., 2009). One such bioindicator gene, the class 1 integrase
(intI1) (Gillings et al., 2015) has been shown to be present in many
anthropogenic samples including human stool (Phongpaichit et al.,
2008), wastewater treatment plants (WWTPs, Ma et al., 2013) and
surrounding airborne aerosol emissions (Li et al., 2016), river
sediment near WWTP effluent discharge lines (Karkman et al.,
2016), ponds (M. Wang et al., 2016), landfill sites (Sun et al.,
2016), untreated hospital effluents (Spindler et al., 2012), many
animal hosts (Colello et al., 2015; Lluque et al., 2015), and in sedi-
ment and soils polluted or treatedwith metals (Oliveira-Pinto et al.,
2016) and antibiotics (Cleary et al., 2016). The intI1 gene or a similar

mailto:hashsham@egr.msu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2017.04.079&domain=pdf
www.sciencedirect.com/science/journal/03014797
http://www.elsevier.com/locate/jenvman
http://dx.doi.org/10.1016/j.jenvman.2017.04.079
http://dx.doi.org/10.1016/j.jenvman.2017.04.079
http://dx.doi.org/10.1016/j.jenvman.2017.04.079


R.D. Stedtfeld et al. / Journal of Environmental Management 198 (2017) 213e220214
maker could eventually play a role in regulatory environmental
monitoring of ARGs (Berendonk et al., 2015).

Measurement of the intI1 gene or any other nucleic-acid based
marker of environmental interest is typically carried out by poly-
merase chain reaction (PCR) and gel electrophorese or quantitative
PCR (qPCR) using conventional real-time thermocyclers. However,
more rapid and simplified measurement techniques may increase
broader monitoring/surveillance of intI1 as a marker of ARG
abundance or anthropogenic activity. Isothermal amplification,
such as loop mediated isothermal amplification (LAMP) with Bst
polymerase provides a more simplistic approach because it allows
amplification with minimal sample processing requirements
(Williams et al., 2017) and is less influenced by PCR inhibition
(Koloren et al., 2011; Stedtfeld et al., 2016a). Furthermore, constant
temperature (Notomi et al., 2000) and high amplicon yields (Mori
et al., 2001), allows quantification of abundance with relatively
simpler devices (e.g. turbidity meters, Illumigene, NucleSENSE
easyQ) and is therefore well suited for use outside of laboratories
with specialized infrastructures (Njiru, 2012).

For quantification, normalization of target markers to total
bacterial DNA or total 16S rRNA gene is routinely implemented to
calculate relative abundance and allow comparative evaluation
among multiple environmental samples. For intI1 gene abundance,
this is typically measured by qPCR for which universal bacterial
primers have been in use for decades (Gaze et al., 2011). However,
there is no universal bacterial 16S rRNA gene primer set currently
available for LAMP. The lag in developing such universal primers
may be due to constraints of the LAMP assay which requires
primers from six to eight separate regions to be conserved for
maximum coverage of 16S rRNA genes sequences (Notomi et al.,
2000). Thus, a LAMP assay for intI1 gene abundance will also
require a universal LAMP primer for bacterial 16S rRNA genes.

In this study, LAMP assays for the intI1 and universal 16S rRNA
genes were designed as markers for quantifying ARG abundance.
Following design of primers, sensitivity and specificity was tested
with DNA from bacterial reference strains (mostly species type
strains) and DNA extracted from river sediment and lake water
samples. The relative abundance of the intI1 gene LAMP assay was
also compared with qPCR intI1 gene measurements and total ARG
relative abundance using Wafergen's SmartChip qPCR array with
384 primer sets targeting ARGs (Wang et al., 2016a,b). The array
was used for comparison since both the Wafergen SmartChip and
ARG primer sets have been validated and used in multiple studies
(Muziasari et al., 2016; Wang et al., 2017; Xie et al., 2016; Zhu et al.,
2017), along with the qPCR primers targeting the intI1 gene
(Barraud et al., 2010; Gillings et al., 2015; Power et al., 2013; F.Wang
et al., 2016). Assays were also evaluated by undergraduate student
volunteers using the Gene-Z device (Stedtfeld et al., 2012) and self-
dispensing microfluidic cards (Stedtfeld et al., 2015) in the class-
room of a local community college. While demonstrated using the
Gene-Z and a conventional cycler (under isothermal conditions),
the intl1 gene LAMP assay could be used with other real-time
isothermal devices to monitor environmental samples for anthro-
pogenic pollution outside of a specialized laboratory.

2. Materials and methods

2.1. LAMP primer design

LAMP primers (Table S1) were designed to target the intI1 gene
and to universally target the 16S rRNA gene bacterial sequences
available in the Ribosomal Database project RDP (Cole et al., 2014).
For the intI1 gene, a total of 3994 sequences were selected from the
FunGene Pipeline Repository (Fish et al., 2013) using a size cutoff of
320 aa, HMM coverage cutoff of 80% and aminimum score of 500. A
consensus sequence was generated from all intI1 gene alleles using
Bioedit Sequence Alignment Editor (Ibis Biosciences, Carlsbad, CA).
The consensus sequence was used for primer design using Primer
Explorer V4 (https://primerexplorer.jp/e/). For the 16S rRNA gene,
primer sequences were selected by manually analyzing conserved
regions and following LAMP primer design strategies (https://
primerexplorer.jp/e/v4_manual/pdf/PrimerExplorerV4_Manual_1.
pdf). Theoretical specificity of primers was verified using Probe
Match with the FunGene Pipeline Repository and RDP for the intI1
gene and 16S rRNA gene, respectively. Synthesized primers were
obtained from Integrated DNA Technologies (IDT, Coralville, IA).

2.2. Bacterial strains and water samples

Bacterial strains used to validate assays were obtained from
ATCC or DSMZ (Table S1). River sediment samples were collected
during summer and early fall of 2016 from the Tittabawassee and
Saginaw Rivers (TS), and Red Cedar Rivers (RC) in Michigan. Digital
pictures were captured at each sampling site with iPhones, which
were also used to gather GPS coordinates of locations (Fig. S1). One
water sample from the So-ok river and one water sample from the
Daecheong lake, that had previously been collected from the Geum
River system near Daejeon, Republic of Korea (K) were also used to
test the intI1 gene LAMP assay. These samples were included in the
analysis for comparison because they were located downstream of
livestock farms and had been previously shown to have a higher
load of ARGs. Four liters of river and lake water were filtered
through Advantec® nitrocellulosemembrane filters (multiple filters
were required per sample); and DNA was extracted from 0.1 g of
wet-weight filters using MP bio soil DNA extraction Kit after
grinding with liquid nitrogen. TS and RC river samples were
collected by volunteer undergraduate students from a local com-
munity college. Sediment samples were collected from river banks,
using 0e3 cm columns. Samples were placed into Ziploc bags,
homogenized, stored on ice, and frozen within 8 h. Genomic DNA
was extracted from bacterial cultures and from 0.2 g wet weight
sediment, using the Powersoil kit (MO BIO, Carsbad, CA, USA). The
DNA quality and concentration from samples and bacterial strains
were measured with a Qubit Fluorimeter (Life Technology, Eugene,
OR, USA).

2.3. Validation of LAMP assays

DNA that was extracted from pure cultures and water samples
were used to validate the LAMP assays. Amplification experiments
were carried out under isothermal conditions in conventional vials
in a real-time cycler (Eppendorf realplex2) or in the Gene-Z device
(Stedtfeld et al., 2012) with disposable chips. LAMP reactions con-
sisted of 1X isothermal amplification buffer II (New England Bio-
labs), 1.4 mM each dNTP (Invitrogen), 0.8M Betaine solution (Sigma
Aldrich), 6 mM MgSO4 (New England Biolabs), 4 U Bst Polymerase
3.0 (New England Biolabs), 200 mM SYTO82 Orange Fluorescent
Nucleic Acid Stain (ThermoFisher Scientific), template solution that
constitutes 10% of the reaction volume, and PCR grade water. LAMP
reaction testing environmental samples was diluted to yield 5 ng of
extracted DNA per LAMP reaction. All experiments were performed
with an isothermal incubation at 65 �C for 60 min with plate reads
at one minute intervals in the real-time cycler, and every 16 s in the
Gene-Z device. LAMP in the real-time cycler and Gene-Z device had
10 ml and 25 ml reaction volumes, respectively. All experiments with
bacteria cultures and environmental samples were done in tripli-
cate and included a no template control and a positive control.
Validation assays with bacterial strain and initial testing with
environmental samples were carried out by trained and experi-
enced technicians using a conventional thermocycler (under
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isothermal conditions).

2.4. Wafergen's smartchip

For 12 of the environmental samples, a Wafergen SmartChip
real-time qPCR system (Fremont, CA, USA) was used to compare
relative abundance of ARGs with the intI1 gene LAMP assay. Briefly,
the array simultaneously tests 5184 SYBR based (100 nl) qPCR re-
actions in parallel. ARG primers used on the SmartChip included: 35
primers targeting mobile genetic elements (MGEs, 4 different
primers for the intI1 gene (Barraud et al., 2010; Gillings et al., 2015;
Power et al., 2013; F. Wang et al., 2016), 2 primers targeting the
universal bacteria 16S rRNA gene (Lane, 1991; Mayer-blackwell
et al., 2014) for normalization, 4 primers specific to E. coli func-
tional genes, multiple drug resistance genes (n ¼ 60 primers),
amphenicol resistance (n ¼ 4 primers), beta-lactam resistance
(n ¼ 66 primers), non-classifiable resistance (n ¼ 16 primers),
macrolide-lincosamide-streptogramin B resistance (n ¼ 53
primers), tetracycline resistance (n ¼ 47 primers), aminoglycoside
resistance (n ¼ 35 primers), vancomycin resistance g (n ¼ 36
primers), and sulfonamide resistance (n ¼ 9) as previously
described (F. Wang et al., 2016; Wang et al., 2014). Sample and
primer mixtures were distributed into the Wafergen SmartChip
using a robotic Nanodispenser (Fremont, CA, USA). PCR cycling
conditions and reaction constituents were performed as previously
described (F. Wang et al., 2016). The concentration of template DNA
from water samples on the Wafergen chip was 0.25 ng per 100 nl
reaction well.

The sensitivity and specificity of the low volume qPCR and the
primer design strategies has been described previously (Stedtfeld
et al., 2008). Validation of ARG primer specificity has included
testing dilutions of gDNA from type strains, resulting in 99.1%
correct call rates (Zhu et al., 2013), and sequencing amplicons from
35 primer sets that commonly show positive amplification on the
array (Johnson et al., 2016).

2.5. Testing intI1 gene LAMP assay with Gene-Z

Using the Gene-Z device, DNA extracted from eight of the river
sediment samples collected in Michigan (four from the RC and four
from the TS Rivers) were tested by volunteer first-year under-
graduate students in the classroom of a local community college
(Delta College). Students were given approximately three hours of
instructionwhich included detailed demonstration of mechanics of
the LAMP reaction, training to load sample into disposable micro-
fluidic chips, and operation of the Gene-Z device. After training,
undergraduate students mixed LAMP reaction constituents as
described above, loaded chips, started the Gene-Z device, and
observed real-time amplification profiles being plotted on the iPod.

Gene-Z chips were fabricated as previously described (Stedtfeld
et al., 2016a) and loaded with primers by trained staff at MSU.
Fabrication of Gene-Z chips included cutting channels and wells
into 1.59mm thick black acrylic sheets (24112-07, Inventables) with
a CO2 laser, cleaning as previously described, and enclosing one side
using clear optical film (MicroAmp, Applied Biosystems). Next,
primers were dehydrated in the Gene-Z chip, enclosed with PCR
tape, and stored at�20 �C until use. LAMP assays dehydrated on the
Gene-Z chip included the intI1 gene primer, universal bacteria 16S
rRNA gene primer, and a positive control assay targeting the
luciferase gene (Hatt et al., 2013; Stedtfeld et al., 2016a). Chips were
designed so that four samples could be loaded per chip.

2.6. Data analysis

For data collected on the Wafergen, a threshold cycle of 29 was
used as a cutoff to differentiate between true positive amplification
and primer-dimers. Genes detected in only one of the three tech-
nical replicates in each sample were considered false positives and
were not analyzed further. Primers that amplified with no template
controls or had multiple melt peaks were excluded from analysis.
Multiple melt peaks were excluded as they indicate amplicons of
varying sizes were produced, and primers are not specific. Esti-
mated quantities were calculated as the relative abundance to
universal 16S rRNA gene. Gene copy numbers were estimated using
equation 10(29 e Ct)/(10/3), where Ct equals the threshold cycle as
described previously (Looft et al., 2012). Considered to be common
in tested samples, ARGs that amplified in 11 or more of the 12
samples tested on the Wafergen (vanC, merA, mpha, oprJ, mexF,
blaFox genes) were excluded from analysis as previously described
(F. Wang et al., 2016). The average relative abundance of four intI1
gene qPCR primers (Table S1) was used for correlation analysis.

Raw data obtained on the Gene-Z device was streamed via
Bluetooth to a custom iPod Touch application. The application sorts,
plots, and emails raw data. Data was processed further using excel
as previously described to generate threshold time (Tt) akin to
threshold cycle with qPCR (Stedtfeld et al., 2016a). Gene quantities
from the intI1 gene and universal 16S rRNA gene LAMP assays were
estimated based on standard curves and normalized to 16S rRNA
gene copy number to generate relative abundance (Stalder et al.,
2012). The following formula was used to calculate relative abun-
dance with qPCR and LAMP assays: [(intI1 gene copies/16S rRNA
gene copies) � 2.5 � 100], where 2.5 represents the average copies
of the 16S rRNA gene per bacterial cell. Correlation plots weremade
using Excel, the circos figure was made using circos online
(Krzywinski et al., 2009), and the heat-map was generated using
MEV (www.tm4.org/mev.html). The figure showing taxonomic
distribution of bacterial targets of the intI1 gene LAMP assay was
rendered using Cytoscape v. 3.3.0 (Institute for Systems Biology,
Seattle, USA). Log2 transformed values of relative ARG abundances
was used for Redundancy Analysis (RDA), which is a multivariate
analysis tool for ecological studies (Oksanen et al., 2014).

3. Results

3.1. Assay design

Normalization between samples is crucial to the use of genetic
biomarkers for environmental monitoring. For qPCR-based mea-
surement of the intI1 gene, assays that are designed to be universal
for bacteria have been used for normalization (Gaze et al., 2011).
Often, these primers are designed to target conserved segments of
the 16S rRNA gene. However, no such universal bacterial assays
have been described for LAMP. Hence, development of universal
primers for the 16S rRNA gene along with the intI1 gene was
included as part of this study.

The intI1 gene is a 1011 bp sequence with low allelic variability.
Approximately 4000 full length sequences, collected using the
FunGene Pipeline Repository (Fig. 1) were used to design the LAMP
assay. The highly conserved nature of the intI1 gene permitted
design of primers targeting over 99% of full length sequences
selected from FunGene. As reviewed by Gillings and coauthors, a
high level of conservation is thought to be a results of recent
transfer of the intI1 gene among bacterial cells (Gillings et al., 2015).
Also previously described, a higher level of sequence variability has
been observed in intI1 alleles from environmental isolates. How-
ever, there are currently a smaller number of sequences from
environmental isolates in public databases compared to clinical
isolates.

The selected universal LAMP 16S rRNA gene assay was designed
between the V6 and V7 regions of the 16S rRNA gene (~base

http://www.tm4.org/mev.html


Fig. 1. Taxonomic distribution of full length intI1 gene sequences. Nodes indicate genera and transparent boxes encompassing nodes indicates class. Edge length has no meaning.
Only Actinobacteria is outside of the Proteobacteria phylum. Target node size and text within parenthesis indicate number of target sequences within each group.

Fig. 2. Standard curves of designed LAMP assays. (A) Universal bacteria with 16S rRNA
gene tested with a dilution series of community DNA, and (B) intI1 gene tested with a
dilution series of gDNA extracted from Acinetobacter baumanii (ATCC BAA-1710). Dots
indicate average of three replicate reactions and error bars indicate standard error of
mean.

R.D. Stedtfeld et al. / Journal of Environmental Management 198 (2017) 213e220216
position 1050-1180) to target all available bacterial sequences in the
RDP. Primers designed in other regions of high conservation (e.g.
between V2 and V3 regions) were synthesized with degenerate
bases (to find a stretch of multiple conserved segments within a
150-200 bp region), which slowed the time to positive amplifica-
tion, or did not amplify, and were therefore not used further. The
forward and back inner primers (FIP and BIP) are more critical for
sensitivity and specificity of LAMP, and thus regionswith the lowest
level of allelic diversity were used to generate these primers.
Primers were designed so that any potential mismatches with
targets were not on the 30 end of the B2 and F2 primers, and not on
the 50 end of the F1c and B1c primers, both of which encompass the
FIP and BIP primer pair. Analyzed using the RDP Probe Match tool,
the four sequences within the FIP and BIP target between 47 and
57% of bacterial sequences in the RDP, respectively (Table S1).
Additional primers LF, LB, F3, and B3 were designed so that no
potential mismatches were on the 3’ end. Some of the primers
targeted a lower number of sequences (e.g. F3 only targets 571
sequences), however these primers serve to reduce reaction time
and are therefore less critical for specificity.

3.2. Sensitivity and specificity

Validation included testing a dilution series of DNA extracted
from targeted bacterial strains to determine sensitivity and quan-
titative capacity. All experiments with pure culture DNAwere done
in a conventional real-time thermal cycler using isothermal con-
ditions. Using a dilution series of gDNA extracted from
Acinetobacter baumanii ATCC BAA-1710, the intI1 assay amplified
with 23 ormore copies per reaction (Fig. 2B). Lower dilutions tested
did not amplify. A Pearson correlation of R2 ¼ 0.98 was observed
with the standard, based on threshold time (Tt), and all dilutions
amplified within 25 min of starting the reaction. Specificity of intI1
gene LAMP assay was also tested with a strain that does not have
the intI1 gene (Enterococcus faecalis ATCC 700802) as a no target
control, for which amplification was not observed.
A dilution series of community DNA was used to test sensitivity
of the 16S rRNA gene primer. Amplification was observed with di-
lutions down to approximately five gene copies per reaction. The
threshold time (Tt) for all dilutions occurred within 30 min and a
Pearson correlation of R2 ¼ 0.97 was observed (Fig. 2A). While not
extensive, specificity of the universal 16S rRNA gene primer was
validated using 16 strains (mostly species type strains) from the
phylum domains of Proteobacteria, Firmicutes, Thermodesulfo-
bacteria, and Nitrospirae. These strains were selected to test
amplification from bacteria frommultiple taxonomic groups. Of the
16 targeted strains that were tested,15 amplified with the universal
bacteria 16S rRNA gene LAMP primer (Table S1).

3.3. Testing with environmental samples

The LAMP assays were tested with community DNA extracted
from environmental samples collected from three river systems
(Fig. 3). The intI1 gene LAMP assay relative abundance varied from
0.02 to 7.3% among the samples. The gene was not detected in three
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Fig. 3. The intI1 gene assays measured in 12 environmental samples. (A) Filled bars
indicate average relative abundance measured using LAMP or qPCR assays, and error
bars indicate standard error of mean. The secondary axis and open black bars indicate
number of ARGs detected using the qPCR array. Sample abbreviations indicate samples
from the Tittabawassee and Saginaw Rivers in Michigan (TS), the Red Cedar River in
Michigan (RC), and water samples from the Geum River system in Republic of Korea
(K).

R.D. Stedtfeld et al. / Journal of Environmental Management 198 (2017) 213e220 217
of the TS Rivers samples, which is in a more rural setting compared
to the other two systems. In comparison, the average relative
abundance measured using previously described intI1 gene qPCR
primers varied from 0.02 to 9.7% within the measured samples.

To compare the intI1 gene LAMP assay with ARGs, DNA from the
12 environmental samples were also analyzed using a previously
described Wafergen SmartChip containing 384 primers (F. Wang
et al., 2016). The number of detected genes correlated with the
relative abundance of the intI1 gene measured using LAMP assays
(R2 ¼ 0.66). Based on relative abundance of detected ARGs, ordi-
nation revealed significant (P ¼ 0.001) clusters among to the three
river systems (Fig. 4).

The three samples that did not amplify with the intI1 gene LAMP
assay included TS11, TS2.1, and TS2.3. One of the samples (TS11) is
located in-between Midland and Saginaw, and the other two
samples were within the same grouping near Saginaw (TS2.1,
TS2.3). A majority of the samples collected from the TS Rivers had a
Fig. 4. Ordination of ARGs with samples from the three rivers systems. Colors indicate
samples from the Tittabawassee and Saginaw Rivers in Michigan (TS, blue), the Red
Cedar River in Michigan (RC, red), and water samples from the Geum River system in
Republic of Korea (K, orange). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
lower level of intI1 gene compared to the RC and K samples. As
such, the abundance of the intI1 gene in TS11, TS2.1, TS2.3 samples
appears to fall below the detection limit of the LAMP assay. Within
all TS samples, samples directly downstream of Midland (TS1, TS3)
had a slightly higher level of ARGs.

The intI1 gene LAMP assay had a significant Pearson correlation
(R2 ¼ 0.80) to the summed relative abundance of all other ARGs
measured on the array (Fig. 5A). The intI1 gene qPCR assay also had
a significant Pearson correlation (R2 ¼ 0.60) with the summed
relative abundance of all other ARGs measured on the qPCR array
(Fig. 5B). With both qPCR and LAMP assays targeting the intI1 gene,
relative abundance was highest in the samples collected from the
Geum River system from the Republic of Korea (Fig. 6). This was
somewhat expected since these samples were collected down-
stream of livestock farms and are near a more populated city. The
Geum River system samples also had the highest number of ARGs
detected on the array (Fig. 6).

3.4. Testing intI1 gene LAMP assay with Gene-Z

To demonstrate ruggedness and simplicity, the LAMP assays
were tested by volunteer undergraduate students at a local com-
munity college using the Gene-Z device. Results obtained by
volunteer undergraduate students correlated with results collected
using the conventional thermocycler (under isothermal conditions)
by trained personnel (Fig. 7).

4. Discussion

Based on the assumption that population and proximity to
agricultural facilities would influence levels of ARGs, environ-
mental samples thought to have varying levels of intI1 gene
abundance were collected from three different river systems. A
lower abundance of ARGs and intI1 gene were observed in samples
from the TS river system, which included samples collected
downstream of Midland, MI population of 42k, in betweenMidland
and Saginaw, and within Saginaw (Population 53k). RC samples,
which had amoderate level of ARGs, are from a regionwith a higher
population including downstream and within Meridian Township,
Okemos, East Lansing, and Lansing area with a total estimated
population of 263k. Samples collected from Korea, with the highest
abundance of ARGs, were from a city with a population of 1.5M and
samples were collected downstream of livestock facilities. The high
abundance of beta-lactamase and vancomycin resistance genes
observed in the Korean samples may be due to proximity to live-
stock facilities. Both the blaCTXM and vanSB genes were also
observed in pig manure from two farms in China (Zhu et al., 2013).
Overall, the level of ARGs detected in the samples used in this study
are low compared to estuaries frommore populated areas along the
east coast of China, in which no less than 70 ARGs were detected
per sample (Zhu et al., 2017).

Previous studies have also observed similar levels of intI1 gene
in environmental samples, with relatively higher abundance
encouraging selection as a potential biomarker (Gillings et al.,
2015). For example, river and sediment samples varied in intI1
gene relative abundance from 0.005 to 0.49% (Koczura et al., 2016;
Luo et al., 2010). The gene has been observed in up to 5% of cells in
polluted soils, fresh waters, and biofilms (Gaze et al., 2005;
Hardwick et al., 2008). Variations in intI1 abundance among
various studies may be the result of assuming different number of
16S rRNA gene copies per genome (2.5e4 copies per genome),
which in not discussed in some studies.

These results also agree with previous studies comparing the
abundance of the intI1 gene with ARGs in environmental samples.
For example, a study by Zhu and coauthors also recently observed a



Fig. 5. Comparing intI1 gene LAMP and qPCR assays with total abundance of ARGs. (A) LAMP and (B) qPCR assay relative abundance versus total relative abundance of ARGs. The y-
axis shows the sum relative abundance of 35 ARGs detected in one or more of 12 environmental samples tested on the ARG array. Sample abbreviations and colors indicate river
sediment samples. The intI1 gene LAMP assay was not detected in three of the TS samples (marked in gray).(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. QPCR analysis of ARGs and intI1 gene in 12 environmental samples. Sample
abbreviations indicate samples with DNA extracted from river sediment collected from
Tittabawassee and Saginaw Rivers in Michigan (TS), the Red Cedar River in Michigan
(RC), and water from the Geum River system in the Republic of Korea (K). Samples are
listed on the left and detected ARGs are listed on the right of the circos. The size of the
connecting lines between genes and samples indicate relative abundance.

Fig. 7. Results comparing intI1 gene measurement performed in central laboratory
with a conventional cycler versus results obtained by volunteer students on Gene-Z
device in the classroom of a local community college. Test were performed with
DNA extracted from eight river sediment samples (four from RC and four from TS
Rivers).
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high correlation between the intI1 gene and overall ARG abun-
dance, which was also tested using the ARG SmartChip array (Zhu
et al., 2017). Another study quantified the intI1 gene abundance
in different land use, with higher abundance observed in agricul-
tural, industrial, and urban settings compared to national parks
(Borruso et al., 2016). We previously observed a high correlation
(R2¼ 0.76) between total ARGs and intI1 genemeasured using qPCR
inwater samples collected from 30 fresh surface water and influent
lines from three waste water treatment plants (WWTPs) in Mich-
igan (Stedtfeld et al., 2016b). Selective reduction of ARGs using
anaerobic digestion also correlated with reduced counts of the intI1
gene (Burch et al., 2016). Determined via whole genome sequence
analysis of 23,425 bacterial genomes (Hu et al., 2016), the sulfon-
amide resistance gene sul1, which is typically associated with intI1
(Luo et al., 2010), was observed with the greatest number of
different ARGs types. As such, the high correlation between the
intI1 gene LAMP assay and abundance of ARGs indicates its utility
for monitoring ARGs in river samples.

Results from qPCR analyses in this study also suggest that the
intI1 gene abundance was higher than other detected ARGs (Fig. 6).
This agrees with previous studies, suggesting that the abundance of
this gene in environmental samples may be better suited to avoid
detection limit constraints that may occur with other genetic bio-
markers. Since the intI1 gene is typically only observed in Proteo-
bacteria (Stokes and Gillings, 2011), which has a specific context of
ARGs; other potential markers should be included (e.g., tetM for
Firmicutes and tetQ for Bacteroidetes). However, all other ARGs
detected on the array had lower abundance (e.g. tetM gene). While
tests with additional well characterized samples will be necessary,
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these results support previously described use of the intI1 gene
maker to obtain quick estimates of ARG abundance in environ-
mental samples.

It should be noted that while the LAMP assays were validated to
each-other, only a limited number of type strains were used to test
specificity. Thus, universal coverage and specificity of the 16S rRNA
gene LAMP assay against all bacteria has not been verified. The
variable size of LAMP products and potential for amplicon
contamination prevented verifying assay specificity via next gen-
eration sequencing. Nonetheless, observed correlation between the
designed LAMP assays and the ARG qPCR array suggest utility for
their designed purpose.

While the measurements in this study were done with DNA
extracted from environmental samples, one key advantage of
isothermal amplification is the potential for direct amplification
with minimal DNA extraction and purification (Williams et al.,
2017). Ultimately, genetic testing outside of a specialized labora-
tory should allow for sample-in-results-out with automation or
minimal sample preparation even when quantitative abundance
data is desired. LAMP and direct amplification have previously been
demonstrated with many bacterial targets in clinical and environ-
mental samples (Curtis et al., 2009; Francois et al., 2011; Kostic
et al., 2015; Stedtfeld et al., 2015, 2014, 2016a). While river sedi-
ment itself cannot be dispensed into the microfluidic Gene-Z cards,
an enumeration techniques (e.g. dislodging via surfactants) to
collect bacteria from sediment samples (Epstein and Rossel, 1995)
may be needed for accurate quantification with direct
amplification.

For the Michigan samples, river sediment was selected as the
matrix for testing the intI1 gene LAMP assay, as it is a potential
hotspot for dissemination of ARGs and other pollutants, and has
high correlation to the water column with respect to ARG con-
centration (Luo et al., 2010). Future studies are also planned with
additional markers such as genes associated with biodegradation of
contaminants (Chen et al., 2015), which are expected to persist in
sediment samples. Future studies will also test the intI1 gene and
universal 16S rRNA gene LAMP assays with minimal sample pro-
cessing and explore if there are bacterial species containing intI1
gene that do not amplify.
5. Conclusion

Overall, results presented here demonstrate the utility of the
intI1 gene and designed LAMP assay for estimating ARG abundance
in environmental samples. Correlations between the results ob-
tained using a conventional thermal-cycler in a molecular di-
agnostics laboratory and testing with the Gene-Z device by
volunteer undergraduate students at a local community college,
indicate that the designed isothermal assays are rugged and can
potentially be used for routine surveillance of environmental
samples outside of a specialized laboratory.
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