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tial patterns differ between
intracellular and extracellular antibiotic resistance
genes in urban stormwater runoff†

Kassidy O'Malley, Patrick J. McNamara and Walter M. McDonald*

Antibiotic resistance is a public health threat that is exacerbated by the dispersion of antibiotic resistance

genes (ARGs) into aquatic environments. Urban stormwater runoff has been recognized as a source of

and a mechanism by which intracellular ARGs (iARGs) can be transported into receiving environments.

The prevalence and behavior of extracellular ARGs (eARGs) in stormwater, however, has yet to be

considered. This study quantified four iARGs and eARGs under baseflow and stormflow conditions.

Urban stormwater runoff was found to be a source of all the ARGs examined, with the absolute

concentration of all iARGs and two eARGs (ermF and tetC) increasing significantly (p < 0.05) between

baseflow and stormflow. The occurrence of iARGs and eARGs in stormwater runoff was also investigated

across three seasons to differentiate temporal trends. All eARGs were found to be most abundant in the

fall, while the iARGs did not display a consistent seasonal trend. Following, spatial patterns of the ARGs

were elucidated by targeting four sampling locations, including direct runoff from a curbside storm inlet

and a stormwater outfall, and two receiving environments, the Menomonee River and Lake Michigan.

Stormwater was found to have the largest impact, in terms of the percent increase in ARG

concentrations between baseflow and stormflow, on the outfall location where on average the iARGs

and eARGs increased 16% and 12.3%, respectively. The variability in seasonal and spatial trends between

the iARGs and eARGs suggests a difference in sources and transport mechanisms of the ARGs into the

environment. Moreover, the results of this study revealed that eARGs are relevant contaminants to

consider when determining the threat of antibiotic resistance originating from stormwater runoff.
Environmental signicance

Research aiming to characterize the spread of antibiotic resistance in the environment has largely overlooked the role of extracellular antibiotic resistance genes
(eARGs). eARGs are especially relevant in the propagation of resistance because they can be acquired by living cells via transformation; however, the prevalence
of eARGs in many aquatic environments has yet to be evaluated, particularly in urban stormwater. Pollution transported via stormwater runoff is a major
concern for urban environments as receiving water bodies are plagued with increases in solids, nutrients, and other unfavorable contaminants. To investigate
the presence and behavior of eARGs in stormwater runoff, we assessed the abundance of eARG comparatively to intracellular ARGs across three seasons at four
stormwater infrastructure locations in an urban watershed.
Introduction

Antibiotics are life-saving medicines that are being rendered
ineffective by antibiotic resistant bacteria (ARB). ARB can
acquire resistance through ARGs, i.e., naturally occurring
genetic elements that, when integrated into a bacterial cell,
confer resistance to one or more antibiotics.1 ARB and ARGs,
and other resistance genetic elements, such as mobile genetic
elements (MGEs) and plasmids, can be transferred on a global
Environmental Engineering, Marquette

-mail: walter.mcdonald@marquette.edu;

mation (ESI) available. See

–390
scale.2 In response, there is a need to identify routes of ARG
dissemination that facilitate resistance development and
threaten human health. Input sources known to contain
elevated levels of ARGs include municipal, industrial, hospital,
and agricultural point and nonpoint waste streams.3 Fecal
contamination from domestic and agrarian animals and land
applied wastewater derived biosolids have also been shown to
contain high levels of ARGs.3 More recently, stormwater has
been identied as a source of ARGs, with urban runoff speci-
cally found to be abundant in ARGs at levels comparable to
wastewater effluent.4,5

Stormwater could potentially transport ARB and ARGs from
diverse environmental niches across an entire watershed.
Urban watersheds can transport pollutants in stormwater
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2va00065b&domain=pdf&date_stamp=2022-07-28
http://orcid.org/0000-0003-3400-220X
http://orcid.org/0000-0002-9708-3345
https://doi.org/10.1039/d2va00065b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00065b
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA001003


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1.
06

.2
02

6 
22

:0
8:

32
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
runoff, and thus, urban stormwater runoff is likely enabling the
large-scale mixing of resistance elements from environments
that are otherwise disconnected.6,50 Urban stormwater is also
a vector of many other contaminants, including heavy metals,
pesticides, nutrients, and sediments.7,8 Such pollutants are
known to select for or correlate with the occurrence of ARGs and
ARB.9–11 The incidence of environmental stressors with indige-
nous and exogenous bacteria, including human commensal
bacteria and pathogens, presents the possibility of an increased
prevalence of ARGs and ARB in stormwater runoff and receiving
environments throughout an urban watershed.

Previous research on the occurrence of ARGs in stormwater
found elevated concentrations of iARGs in direct runoff and in
surface waters impacted by urban stormwater runoff when
compared with baseow or dry weather conditions.12–19 iARGs
are a concern due to their persistence and stability in nutrient-
rich environments with complex microbial community
compositions that enable their transfer via conjugation.20

eARGs are also of concern because they are highly transferable
and in environments with a great abundance of eARGs, transfer
via transformation directly increases the number ARB.13–16,19

While eARGs have been reported as an insignicant fraction of
the total ARGs of a microbial community within aquatic
waters,21,22 they are more prevalent in soils, sediments, and
wastewater sludge environments due to their affinity to bind to
particles, colloids, and other organic molecules.20,21,23,24 Conse-
quently, as stormwater transports sediments and soil from the
urban environment, it is hypothesized that it also conveys
eARGs. However, to date no other studies have quantied the
concentrations of eARGs in stormwater runoff.

In order to design stormwater infrastructure that mitigates
ARGs in urban runoff, uctuations on a seasonal basis must be
identied and incorporated into the proposed strategies. This is
because stormwater exhibits seasonal trends for different water
constituents, including water temperature, pH, conductivity,
dissolved oxygen, metals, and turbidity,25,26 that are known to
affect microbial concentrations and processes.27,28 Accordingly,
the abundances of microorganisms have shown seasonal vari-
ations in stormwater. For example, the concentrations of
Enterococci, E. coli, Pseudomonas aeruginosa, and Staphylococcus
aureus were found to be decreased in winter stormwater runoff
when compared to fall, spring, and summer.29 The bacteria
quantied by Selvakumar and Borst commonly developed
resistance and have been identied in stormwater; however,
seasonal differences of the ARGs present in urban stormwater
runoff have yet to be elucidated.29,30

The objectives of this study were to (1) determine the extent
of eARG pollution originating from urban stormwater runoff, (2)
dene seasonal change in the prevalence of iARGs and eARGs in
stormwater, and (3) establish the impact of stormwater infra-
structure on the abundance of iARGs and eARGs in stormwater.
To achieve these objectives, stormow samples were taken at
four locations (storm drain inlet, stormwater outfall, receiving
river, and receiving lake), during a storm event in the fall,
winter, and spring with baseow conditions characterized at the
outfall, river, and lake during a dry period preceding the storm
event. The intracellular and extracellular fraction of the 16S
© 2022 The Author(s). Published by the Royal Society of Chemistry
rRNA gene, the MGE intI1, and ARGs ermF, blaTEM sul1, and tetC
were quantied in each sample via droplet digital polymerase
chain reaction (ddPCR) to assess the risk of such contaminants
by dening changes in abundance during a year and across
locations. In doing so, this was the rst study to present the
concentration of eARGs in stormwater and the rst time that i-
tetC has been quantied in stormwater. It was hypothesized
that (1) across the four sampling locations there would be
a decreasing trend in the absolute abundance of the iARGs and
eARGs along the hydraulic ow path from the storm drain to the
receiving lake due to dilution, and (2) seasonally the iARGs and
eARGs will be the most abundant in the spring and the least
abundant in the winter, based upon the trends exhibited by
bacteria.
Methods
Study area and sampling events

Sampling targeted four key stormwater infrastructure locations,
shown in Fig. S1.† The rst, a curbside grated stormwater inlet,
drained a 4500 m2 area of a street. Runoff to the stormwater
inlet is conveyed to an underground stormwater pipe network
that discharges to a stormwater outfall, the second sampling
location. This outfall location collects runoff from a roughly 4.4
km2 drainage area and discharges to the Menomonee river.31

The third sampling location was in the river, downstream of the
point that the water from the outfall reaches the river. The
drainage area of the Menomonee Watershed is approximately
352 km2 and the land uses include urban (42%), grasslands
(22%), and agriculture (17%).32 The nal sample was taken
downstream of the convergence of the Menomonee, Milwaukee,
and Kinnikinic rivers in Lake Michigan. This location drains
a basin of approximately 2260 km2 that contains about 800 km
of perennial stream and over 640 km of intermittent streams.32

Three sampling events in different seasons were undertaken
for this study. During each event, samples were captured under
baseow and stormow conditions. Streamow data was gath-
ered from U.S. Geological Survey (USGS) stream gage 04087120
Menomonee River at Wauwatosa, WI (Fig. S4†). The fall base-
ow and storm sampling occurred on November 5th, 2020, and
November 10th, 2020, respectively. The average discharge in the
river on the baseow sampling day was 29.4� 0.47 cfs, while the
peak storm discharge was 320 cfs. The winter baseow and
stormow samples were taken on February 19th, 2021, and
March 10th, 2021, respectively. Streamow was not recorded by
the USGS stream gage on the day the winter baseow was
captured due to ice conditions. The peak stream ow of the
winter storm event was 504 cfs. The spring baseow conditions
were sampled on May 13th, 2021; the average daily stream
discharge on this day was 59.04 � 0.75 cfs. The spring storm
event was sampled on May 23rd, 2021, and the storm's peak
discharge was 225 cfs.
Sample collection and DNA extraction

Grab samples were collected at the stormwater inlet (only
during stormow sampling), the stormwater outfall, in the
Environ. Sci.: Adv., 2022, 1, 380–390 | 381
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Menomonee River, and in Lake Michigan at a surface water
depth of 0–2 feet. Six one-liter samples were taken at each
location for molecular (n¼ 3) and water quality analysis (n¼ 3).
All samples were transported back to the lab and stored at 4 �C
until processing. Intracellular DNA (iDNA) and extracellular
DNA (eDNA) were extracted according to a previously published
method, and the details can be found in the ESI.†5 Following.
iDNA and eDNA extracts were stored at �20 �C until further
analysis.

Antibiotic resistance gene quantication

Four ARGs, blaTEM, tetC, sul1, and ermF, the integrase gene of
the class 1 integrons, intI1, and the 16S rRNA gene were quan-
tied in the iDNA and eDNA extracts via ddPCR. ddPCR was
conducted as previously described and the steps are detailed in
the ESI.†33 The 16S rRNA gene was analyzed to quantify the total
bacterial biomass of a sample. The MGE intI1 was quantied in
this study to evaluate the potential for ARG dissemination by
horizontal gene transfer. intI1 has also been suggested to be
a marker of anthropogenic pollution.34 The four ARGs quanti-
ed confer resistance to four different classes of antibiotics:
beta-lactams (blaTEM), tetracyclines (tetC), sulfonamides (sul1),
and macrolides (ermF). Moreover, these four ARGs have been
well documented in various environmental compartments35,36

and in different waste streams entering the environment37 with
blaTEM, sul1, and ermF being classied as high priority target
ARGs for furthering an understanding of environmental
matrices.4

Water quality analysis

Following the transport of the water quality samples back to the
lab, the temperature, pH, and conductivity of each sample was
measured with Thermo Scientic Orion probes (Thermo Fisher
Scientic, Waltham, MA). Total nitrogen (TN) was quantied
with the Hach Total Nitrogen Reagent Set (0.5–25mg N L�1) and
total phosphorous (TP) was quantied with the Hach Phos-
phorous TNTplus Vial Tests, LR (0.15–4.50 mg L�1) according to
manufacturer instructions. The concentration of total sus-
pended solids (TSS) was determined according to Standard
Method 2540D. US EPA Method 415.3 was utilized to quantify
the dissolved organic carbon (DOC) with a TOC-VCSN analyzer
(Shimadzu, Kyoto, JP) and ultraviolet-visible spectrophotometry
(UV-Vis) with a GENESYS™ 50 UV-Vis spectrophotometer
(Thermo Fisher Scientic, Waltham, MA). Lastly, metals were
quantied via inductively coupled plasma mass spectrometry.
Results of the water quality analysis can be found in Fig. S5–
S12.†

Statistical analysis

QuantaSo™ Analysis Pro Soware (version 1.0.596) was used
to analyze the ddPCR results in which the concentration (gene
copies (GC) per mL) of the target genes was estimated by
modeling the Poisson distribution based on the fraction of
positive amplications. Following, gene concentrations were
log-transformed aer the Shapiro–Wilk test (a ¼ 0.05)
conrmed non-normal distributions. Variances of the log
382 | Environ. Sci.: Adv., 2022, 1, 380–390
transformed gene abundances within and between ow condi-
tions, locations, and seasons were determined using one-way
analysis of variance with the post hoc Tukey's multiple
comparisons test. Signicant relationships were assessed at a p-
value #0.05. Unpaired t-tests of the average gene abundances
between baseow and stormow were also conducted at
a signicance level of p # 0.05. Correlation analysis was con-
ducted to generate Pearson correlation coefficients and p-values
between gene abundance and water quality data and produce
heat map gures. All statistical analyses were performed, and
gures were produced using GraphPad Prism 7® (GraphPad
Soware, La Jolla, CA).
Results
Impact of storm events on abundance of extracellular and
intracellular genes assessed against baseow conditions

The absolute abundance of the extracellular 16S rRNA, intI1,
blaTEM, ermF, sul1, and tetC genes quantied during baseow
and stormow conditions is shown in Fig. 1A. All extracellular
genes were quantiable in the stormwater samples with
concentrations ranging from 2.69 � 105 to 7.59 � 109 GC per L.
When the abundance of the extracellular genes in stormow
was compared to baseow conditions, it was found that the
concentration of two of the four eARGs in stormwater, e-ermF
and e-tetC, was statistically greater than the concentration
measured in the baseow samples. The e-16S rRNA gene and
the e-intI1 MGE also increased signicantly. Among the extra-
cellular genes quantied, the abundance of e-intI1 was the most
impacted in stormwater, with a 1.18-fold change between
baseow and stormow.

The intracellular fraction of the 16S rRNA, intI1, blaTEM,
ermF, sul1, and tetC genes were also quantied in the baseow
and stormow samples (Fig. 1B). A statistically signicant
increase in the average absolute concentration of all intracel-
lular genes was observed between the baseow and the storm-
water samples with an average fold change of 1.12. i-tetC
displayed the greatest increase under stormow conditions
with the average abundance increasing from 4.2 � 107 GC per L
during baseow to 6.3 � 108 GC per L; this is the rst time that
i-tetC has been quantied in stormwater.
Seasonal variability of iARGs and eARGs in stormwater

When the abundances of the extracellular and intracellular
genes were evaluated across the three sampling events, corre-
sponding to three seasons, no one season was found to have
a statistically greater or lesser average for every intracellular or
extracellular gene quantied under stormow conditions, but
there were differences in specic genes between seasons
(Fig. 2). For the concentrations of the extracellular 16S rRNA
gene and intI1 in stormwater no change was observed across the
seasons. Variations in concentration of the eARGs (blaTEM,
ermF, sul1, and tetC) were found across the season, but each
gene was the most abundant in the fall. When each season is
evaluated separately, e-ermF was found to be the most prevalent
eARG in the fall storm samples, while e-sul1 was the most
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Box plots displaying the distribution of the absolute abundance
of extracellular (A), and intracellular (B) genes quantified in samples
taken during baseflow (n ¼ 27) and stormflow (n ¼ 36) conditions as
measured with ddPCR. The asterisk indicates a statistically significant
relationship, p-value <0.05, between the baseflow and stormwater
abundances and was determine by a Student's t-test.

Fig. 2 Absolute abundance of the extracellular (A) and intracellular (B)
genes 16S rRNA, intI1, blaTEM, ermF, sul1, and tetC quantified in
stormflow across three storm events as measured with ddPCR. The
asterisk indicates a statistically significant relationship between
seasons (one-way ANOVAwith Tukey's posthoc test; *(p < 0.05), **(p <
0.01), ***(p < 0.001), and ****(p < 0.0001)) and the error bars represent
the standard deviation of the mean (n ¼ 12).
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abundant in the winter and spring. For the intracellular genes,
no consistent relationship was discovered across the three
seasons in stormwater. For the fall and winter stormwater
events, the most abundant iARG was i-sul1 and in the spring it
was i-tetC.

The average absolute concentration of all intracellular genes
in stormwater across all seasons was statistically greater than
the extracellular genes. Subsequently, the relative abundance of
the intracellular and extracellular genes was determined
through normalization of the gene concentrations to that of the
i-16S rRNA and e-16S rRNA genes, respectively (Fig. 3). Signi-
cantly, the relative abundance of e-ermF and e-tetC were not
statistically different than i-ermF and i-tetC, respectively, in each
stormwater sample. The intracellular fraction of blaTEM and sul1
were only statistically greater than the extracellular fraction in
the fall samples, while the relative abundance of the intI1 MGE
© 2022 The Author(s). Published by the Royal Society of Chemistry
was the only gene in which the intracellular fraction was
statistically greater than the extracellular fraction in each storm
event.

Following, the percent difference in the average absolute
ARG concentrations between baseow and stormow was
calculated to determine in which season stormwater had the
greatest deviation from baseline conditions. In this case, the
iARGs and eARGs exhibited the same trend as on average the
genes in stormow were found to increase 19% and 18% in the
fall, 13% and 12% in the spring, and 6% and 9% in the winter,
respectively, across all locations. This analysis was then
extended to differentiate between the different iARGs and
eARGs. Every iARG and eARG was found to follow the same
trend with the percent increase being greatest in the fall fol-
lowed by the spring and then the winter, except for the e-blaTEM
gene (fall > winter > spring).

Seasonality of the intracellular and extracellular genes in
baseow and stormow was then comparatively analyzed across
the sampling locations. For the intracellular genes specically,
more variance across the seasons was observed in the stormow
Environ. Sci.: Adv., 2022, 1, 380–390 | 383
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Fig. 3 Relative gene abundance of the intracellular and extracellular fraction of intI1, blaTEM, ermF, sul1, and tetC in stormwater samples
normalized to the i-16S rRNA and e-16S RNA genes, respectively. The asterisk indicates a statistically significant relationship between the
intracellular and extracellular relative concentrations (Student's t-test, p-value <0.05) and the error bars represent the standard deviation of the
mean (n ¼ 12).
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samples than baseow (Fig. S2†). Under stormow conditions,
the concentrations of i-16S rRNA, i-intI1, i-blaTEM, and i-tetC
displayed several seasonal changes while concentrations of i-
ermF and i-sul1 were less prone to seasonal variability. The four
intracellular genes that were seasonally variable in stormwater,
however, did not exhibit consistent shis between the genes or
among the sampling locations. i-blaTEM, for example, at all
locations was most abundant in the fall and least abundant in
the winter. The i-16S rRNA, i-intI1 i-ermF, and i-tetC genes, on
the other hand, were most abundant in the spring at either
three or four of the four locations. i-sul1 was not consistently
elevated at one location, with the greatest concentrations at the
inlet and river found in the fall and at the outlet and lake
samples in the spring.

The e-16S rRNA gene was the only gene to be more seasonally
variable under baseow conditions than in stormow (Fig. S3†).
For the other extracellular genes quantied, similar to the
intracellular genes, baseow concentrations were not subject to
seasonal uctuations. The seasonality of eARGs in baseow, or
lack thereof, greatly differs from their occurrence in stormow.
The abundances of e-blaTEM, e-ermF, e-sul1 and e-tetC were all
subject to seasonal shis across all locations in stormow. The
e-intI1 MGE, did not show great variability over the seasons but
was primarily most abundant in the fall (ve of seven locations).
This trend is carried throughout as all eARG in stormow in the
fall at all locations were statistically greater than in the winter
and spring, except in two cases, e-tetC and e-sul1 in the lake
stormwater sample. No clear trend, however, is observed for
eARGs at the sampling locations between the winter and spring
stormwater samples.
Spatial variability of iARGs and eARGs in stormwater

Four hydrologically connected locations were sampled at in
this study, a stormwater inlet, outfall, a river, and lake. Among
those locations, three were sampled under both baseow and
stormow, the exception being the inlet which could not be
sampled for baseow. The average concentrations of the
intracellular and extracellular genes quantied and their
statistical relationships across the sampling locations can be
384 | Environ. Sci.: Adv., 2022, 1, 380–390
found in Fig. 4 and 5. Statistically, many different relation-
ships over the three baseow locations and four stormow
locations existed that were specic to the individual genes in
each storm event. In general, the iARGs and eARGs were less
variable, showing no statistical difference across the loca-
tions, in baseow (e-sul1 and i-tetC in the fall, i-blaTEM, i/e-
ermF, e-sul1, and e-tetC in the winter, as well as e-blaTEM, e-
ermF, i-sul1, and e-tetC in the spring) when compared to
stormow (e-sul1 in the fall, i-ermF and i/e-tetC in the winter,
and i-ermF and e-blaTEM in the spring). It was hypothesized
that the ARG concentrations would follow a decreasing trend
on account of dilution caused by the increasing size of the
water bodies being sampled. However, a decreasing trend was
only exhibited by i-sul1 in the fall under baseow and storm-
ow conditions. An increasing trend across the locations was
more common and was observed in baseow (i-blaTEM, i-ermF,
and i-sul1 in the fall, i-ermF i-tetC e-sul1 and e-tetC in spring)
and stormow (i-blaTEM and e-tetC in the spring and e-sul1 in
the winter). In stormow specically, the abundance of
intracellular genes at the stormwater inlet was the outlying
location, with nine instances of a statistical difference
between the inlet and outlet and seven instances of a statis-
tical difference between the inlet and both the river and lake.
The extracellular genes in stormow were variable across the
four locations, with the exception of the inlet and outlet,
which only had three cases (e-ermF in the fall and spring and e-
sul1 in the winter) of a statistical difference between the
average gene concentrations.

The percent difference in the average ARG concentrations
between baseow and stormow was again calculated across
the different sampling locations from which a baseow and
stormow sample was taken. Each intracellular gene had the
greatest percent increase between baseow and the storm
events at the outfall location, where the average abundance
increased between 11.0–19.2%. This increase was also statisti-
cally greater than that found at the river (6.8–14.4%) and lake
(6.8–14.4%) locations. The extracellular genes displayed the
same pattern as the intracellular genes in this case, as on
average the extracellular genes increase 12.3% at the outfall,
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00065b


Fig. 4 Absolute gene abundance of intracellular genes at the inlet, outfall, river, and lake sampling location under baseflow and stormflow
conditions across three sampling events. Error bars represent the standard deviation of the mean (n ¼ 3) and statistically significant relationships
between the average absolute abundance of the extracellular and intracellular genes were evaluated by Tukey's posthoc test and shown with *(p
< 0.05), **(p < 0.01), ***(p < 0.001), and ****(p < 0.0001).
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followed by 11.2% and 7.1% at the river and lake locations,
respectively. Thus, while there was not a decrease in the abso-
lute concentration of ARGs from the outlet to the lake, there was
Fig. 5 Absolute gene abundance of extracellular genes at the inlet, ou
conditions across three sampling events. Error bars represent the standar
between the average absolute abundance of the extracellular and intrace
< 0.05), **(p < 0.01), ***(p < 0.001), and ****(p < 0.0001).

© 2022 The Author(s). Published by the Royal Society of Chemistry
a decreasing trend in the percent difference between baseow
and stormow, indicating that stormwater has a greater impact
tfall, river, and lake sampling location under baseflow and stormflow
d deviation of the mean (n ¼ 3) and statistically significant relationships
llular genes were evaluated by Tukey's posthoc test and shown with *(p
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on the abundance of ARGs at stormwater locations of a lesser
volume.

eARGs did not display the same relationships as iARGs over
space. Notably, two genes were only signicantly increased
during the storm events at one location, e-blaTEM at the outfall
and e-tetC in the river. This result suggests that the source of the
extracellular genes in stormwater varies. More to this point, the
location at which the extracellular genes saw the greatest
increase compared to baseow was not the same; e-16S rRNA, e-
intI1, and e-blaTEM at the outfall, sul1 and tetC in the river, and
ermF in the lake.

intI1 was quantied in this study because it is a mobile
genetic element that is regularly found to carry ARGs, facili-
tating their transport in the environment. Correlation analysis
was conducted between the ARGs and intI1, to determine if
mobile genetic elements were amechanism by which iARGs and
eARGs are transported in stormwater; the results can be found
in Tables S1 and S2.† Seasonally, iARG and eARG occurrence
wasmost signicantly correlated with intI1 during the fall storm
event. The Pearson correlation coefficients (r) for the i-blaTEM, i-
sul1, e-blaTEM, and e-tetC genes during this sampling event were
�0.68, 0.98, 0.85, and 0.70, respectively. By location, the ARG
concentrations at the outfall were strongly correlated (r $ 0.60)
for seven of the eight genes under storm conditions. i-tetC and
e-tetC, specically, correlated to i-intI1 and e-intI1, respectively,
strongly at four of the eight locations andmoderately (0.40# r <
0.60) at three locations. None of the ARGs, though, were found
to correlate signicantly with intI1 across all storm events and
locations.
Correlation between ARGs and water quality parameters

Correlation analysis was also conducted between all intracel-
lular and extracellular genes and the water quality parameters
quantied (Fig. S13–S14 and Tables S3–S4†). Under baseow
conditions iARGs and eARGs were found to be positively
correlated to TSS with Pearson's r values ranging between 0.42–
0.77 for 8 of the 12 genes and negatively correlated with chro-
mium (�0.44 to �0.75, for 8/12 genes), iron (�0.45 to�0.86, for
7/12 genes), copper (�0.54 to �0.92, for 7/12 genes), and lead
(�0.4 to �0.93, for 8/12 genes). Of the 192 correlations made
between iARG and eARGs with water quality parameters under
stormwater conditions, only 6 were found to have Pearson's r
values $0.60. This included i-16S rRNA with pH, DOC, chro-
mium, and lead, as well as e-ermF, and e-tetC with copper.
Discussion

eARGs are essential components of an environment's resistome
that are available for the development of bacterial resistance.
Yet their quantication is regularly not included in studies of
aquatic environments because they are difficult to extract and
assumed to be found at low concentrations. As a result, there is
a large gap in knowledge about the abundance of eARG in
different aquatic matrices. The quantication of eARGs in
urban runoff was the focus of this study, and it was hypothe-
sized that the eARGs would be highly abundant due to their
386 | Environ. Sci.: Adv., 2022, 1, 380–390
affinity to adhere to sediments which can be picked up and
transported via stormwater runoff. This is the rst time eARGs
have been quantied in urban stormwater runoff and water
bodies impacted by stormwater. The sampling campaign
undertaken targeted eARGs during three seasons at four loca-
tions across an urban watershed. This study also evaluated the
seasonality of ARGs in stormwater, which is currently under-
studied but is necessary for providing perspective for storm-
water management efforts that incorporates ARG variability on
a yearly scale. Subsequently, the fraction of eARGs was
comparatively analyzed to iARGs which were extracted and
quantied from the stormwater runoff.
Stormwater runoff contributes to an increase in extracellular
resistance elements in urban water bodies

The absolute abundances of the eARGs blaTEM, ermF, sul1, and
tetC in stormwater were found to range between 1.29 � 105 to
9.77 � 108 GC per L across all locations. In comparison to eARG
abundances reported in other aquatic environments, concen-
trations were generally greater than those quantied in surface
water samples21,33 and more comparable to wastewater
effluent.22,38 The inow of eARGs via stormwater at such levels
presents many potential impacts to receiving aquatic water
bodies due to an increase in the abundance of resistance
genetic material. One potential impact is the development of
environmental hotspots, or an area heavily polluted with ARGs
that acts as a reservoir for gene acquisition by horizontal gene
transfer (HGT). HGT can impact the evolution of microorgan-
isms, including pathogenic bacteria, as ARGs, virulence factors,
and diverse functions can be encoded on horizontally trans-
ferred genes.39,40 Thus, as the rate of HGT increases due to an
increase in the abundance of ARGs, so does the probability of
transfer of ARGs to pathogenic bacteria that can lead to human
health consequences.39

Exasperating this issue is the presence of selective pressures,
such as heavy metals, and MGEs in stormwater. Selective pres-
sures are known to increase mutation rates, recombination,
horizontal gene transfer, and expression of antibiotic resistance
mechanisms thereby diversifying the overall resistome and
increasing the risk of ARG dissemination to human patho-
gens.41,42 The mobility of ARGs is also known to impact its rate
of transfer into bacterial cells.43 ARGs that are not associated
with MGEs are not easily transferred between bacteria in the
environment; consequently, they are less likely to be acquired
horizontally.44 MGEs, such as integrons, can carry a large
number of ARGs and are able to move themselves within a cell
and transfer to a recipient cell freely.2 Thus, the transfer of ARGs
via MGEs is found to be much more frequent and can enrich
host cells with multidrug resistance.43–45

The urban stormwater runoff analyzed in this study was
abundant in iARGs, eARGs, intI1, a MGE, and heavymetals. This
conuence of factors indicates that stormwater is likely a hot-
spot for HGT of iARGs and eARGs via conjugation and trans-
formation, respectively. Further research will be needed to
conrm this conclusion and determine the rate of HGT in
urban stormwater runoff. The stormow concentrations of both
© 2022 The Author(s). Published by the Royal Society of Chemistry
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iARGs and eARGs reported in this study were also elevated
above baseline conditions. Of the iARGs and eARGs quantied,
i-tetC and e-ermF were found to have the greatest percent
increase (15.4 and 16.7%, respectively) in their average
concentration analyzed between baseow and stormow. This
is the rst time that both genes have been reported in storm-
water and the signicant increase in abundance indicates that
stormwater runoff is altering the resistomes of receiving
environments.
eARGs and iARGs in stormwater vary over time

The absolute concentrations of ARGs in stormwater were found
to be inconsistently inuenced by seasonal dynamics. All eARGs
were discovered to be statistically elevated in the fall. The
relationships observed for the iARGs on the other hand, were
specic to the individual gene. Seasonality of ARGs in storm-
water is underreported but three studies have investigated
iARGs over time in environments that are impacted by storm-
water runoff, including a karst spring in Germany,26 urban
beaches in Australia,16 and Canadian streams.46 Monitoring of
these environments indicated that the concentrations of ARGs
were not signicantly elevated in one season versus another, but
rather were positively correlated with turbidity concentrations
and rainfall depths and negatively correlated with conductivity.
In this study, the winter sampling event had the greatest
streamow at the time of sampling as well as the greatest
concentration of solids, but no ARG was found to be the most
abundant in the winter. It was hypothesized that ARG concen-
trations would uctuate due to the impact varying seasonal
water quality parameters can have microbial activity. In addi-
tion to TSS and conductivity, water temperature, nutrients,
metals, and DOC were water quality parameters that displayed
seasonal variability. The presence of numerous pollutants in
stormwater that are known to inuence bacterial activity is
likely facilitating complex interactions with iARGs and eARGs
that cannot be captured in one sampling event per season. This
conclusion is evident by the lack of signicant correlations
found between ARG concentrations and the water quality
parameters measured under stormwater conditions. Further
research is needed to elucidate the specic role different
stormwater parameters play on the abundance on iARGs and
eARGs.

Across seasons, the absolute concentration of all iARGs was
signicantly greater than eARGs. This result was expected as it
has regularly been reported that iARGs are more prevalent than
eARGs in aquatic environments.20 However, when the relative
abundances were compared there was minimal differences
between the iARG and eARG concentrations across all sampling
events. This result not only supports the understanding that
eARGs are abundant in stormwater runoff, but also conrms
that they are a signicant and relevant portion of the resistance
elements entering the environment through stormwater.

The fall sampling event was found to produce the greatest
increase in iARG and eARGs when the seasonal concentrations
of iARGs and eARGs in stormwater were compared to baseow.
Water quality parameters that also increased most signicantly
© 2022 The Author(s). Published by the Royal Society of Chemistry
in the fall were DOC, TP, and the heavy metals chromium,
copper, zinc, and lead. The propagation of ARGs as well as water
quality pollutants in the fall storm event could be the result of
hydrological factors. An increased antecedent dry weather
period, for instance, has been correlated with higher concen-
trations of pollutants in stormwater runoff due to the buildup
and subsequent transport of chemicals and solids from urban
surfaces.47 The antecedent dry weather period that preceded the
fall sampling event was 17 days, while only 7 and 3 days of dry
weather came before the winter and spring sampling, respec-
tively. The time of sampling could have also impacted the
abundance of iARGs and eARGs quantied as ARGs have been
found to present intra-storm variability.48
eARGs and iARGs vary across stormwater locations

It was hypothesized that across the four sampling locations
there would be a decreasing trend in the absolute abundance of
the iARGs and eARGs, as the stormow volume of the sampling
locations increased. Statistically, a decreasing trend in the
absolute concentration across the locations was only observed
for one gene, during one storm event; it was largely found that
the receiving waterbody locations, the river and lake, were not
distinctly different from the direct runoff sampled at the storm
drain inlet and stormwater outfall. Consequently, it can be
concluded that the input of ARGs at elevated concentrations
across the watershed is widespread and is leading to the accu-
mulation and persistence of ARGs in stormwater receiving
environments.

A decreasing trend was observed from the outlet to the lake
in the percent increase of iARGs and eARGs between baseow
and stormow conditions. This result implies that stormwater
is having the largest impact on the abundance of resistance
elements in environments where it is a larger fraction of the
overall ow volume. Management of ARGs in stormwater would
thus require implementing stormwater control measures that
treat stormwater where it falls to eliminate large volumes of
runoff, thus controlling the ow of ARGs and other pollutants to
a central location.4,35,49 The results of this study indicate,
moreover, that there are many sources and transport mecha-
nisms of ARGs into the environment as transport across the
four locations was found to be variable for iARGs and eARGs for
each seasonal storm event. Therefore, when considering engi-
neering controls for ARG pollution into the environment via
urban stormwater runoff, identication of key sources of ARGs
for optimized implementation will be needed.51 Green infra-
structure is a potential stormwater engineering control measure
that can limit heavy runoff and with a small footprint, can be
presented as a localized treatment of direct urban runoff.
Further research will be needed though to determine if different
green infrastructure systems are able to capture ARGs from
urban runoff and the fate of ARGs in these systems.
Conclusion

Antibiotic resistance is a major public health concern, and
ARGs are the emerging contaminants that drive the concern. In
Environ. Sci.: Adv., 2022, 1, 380–390 | 387
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this study, the seasonal and spatial dynamics of iARGs and
eARGs were investigated in urban stormwater runoff. Crucially,
eARGs were identied as an emerging contaminant in urban
stormwater and the aquatic environments impacted by runoff.
In addition, the greatest increases in the average concentrations
of both iARGs and eARGs between baseow and stormow were
found in the fall season and at the outfall location. These results
indicated that stormwater has the largest impact on the preva-
lence of iARG and eARGs in direct runoff, presenting the
opportunity for engineering controls that capture and treat
runoff near the source. The increase specic to the fall season is
attributable, in part, to the antecedent dry period and the
potential for buildup of ARG contaminants. This research
highlights the signicance of eARGs for its contribution to the
resistome of stormwater and the need for further investigations
into the potential of eARG acquisition via horizontal gene
transformation in aquatic environments impacted by storm-
water runoff.
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