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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Green stormwater infrastructure soils 
were hotspots for ARG accumulation. 

• The type of green infrastructure influ
enced ARG concentrations but not 
diversity. 

• Microbial community changes were 
distinct from resistome changes. 

• 3.27–8.83% of ARGs in GSI soils were 
co-occurring with a mobile genetic 
element. 

• Environmental factors explained 27.9% 
of the variance in ARG diversity in GSI 
soils.  
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A B S T R A C T   

Antibiotic resistance poses an urgent public health concern, with the environment playing a crucial role in the 
development and dissemination of resistant bacteria. There is a growing body of research indicating that 
stormwater is a significant source and transport vector of resistance elements. This research sought to charac
terize the role of green stormwater infrastructure (GSI), designed for stormwater infiltration, in accumulating 
and propagating antibiotic resistance in the urban water cycle. Sampling included 24 full-scale GSI systems 
representing three distinct types of GSI - bioswales, bioretention cells, and constructed wetlands. The results 
indicated that GSI soils accumulate antibiotic resistance genes (ARGs) at elevated concentrations compared to 
nonengineered soils. Bioretention cells specifically harbored higher abundances of ARGs, suggesting that the type 
of GSI influences ARG accumulation. Interestingly, ARG diversity in GSI soils was not impacted by the type of GSI 
design or the diversity of the microbial community and mobile genetic elements. Instead, environmental factors 
(catchment imperviousness, metals, nutrients, and salts) were identified as significant drivers of ARG diversity. 
These findings highlight how environmental selective pressures in GSI promote ARG persistence and 
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proliferation independently of the microbial community. Therefore, GSI systems have the potential to be a 
substantial contributor of abundant and diverse ARGs to the urban water cycle.   

1. Introduction 

Antibiotic resistance is threatening the core of modern medicine and 
public health [89]. In fact, antibiotic resistant-related infections have 
been classified as one of the most urgent global health threats by the 
World Health Organization [13,69]. Moreover, antibiotic resistance has 
been coined “the silent pandemic” as it is expected to result in 10 million 
deaths per year and have an economic impact of over 100 trillion US 
dollars by 2050 if no actions are taken to combat this threat [67,70]. 
Antibiotic resistance, i.e., the ability of bacteria to resist the toxic effects 
of antibiotics, is spread by the movement of antibiotic resistant bacteria 
(ARB) as well as antibiotic resistance genes (ARGs) that bacteria can 
acquire. Though ARGs occur naturally, their presence has become 
widespread in nature due to anthropogenic activities, such as the 
overuse of antibiotics in the medical and agrarian sectors. In tackling 
environmental-based problems, the “one-water” approach has emerged 
as a method for viewing the connectivity between drinking water, 
wastewater, and the environment [68]. For instance, environmental 
hotspots, such as wastewater treatment effluent, could be targeted as 
points to mitigate the spread of antibiotic resistance into downstream 
water bodies [45]. Recent research has identified stormwater as an 
additional area of concern for ARGs entering the aquatic environment 
due to its ability to collect and transport ARGs from numerous sources, 
including impervious pavements, urban green spaces, and stormwater 
sewers, which can be contaminated with ARGs from soil, animal waste, 
human sewage, and atmospheric deposition [1,27,33,62–64]. The con
centrations of ARGs in stormwater were found to be comparable to that 
of wastewater effluent [61], beckoning a greater understanding for how 
stormwater engineering systems can be employed to help mitigate the 
spread of ARGs [11]. 

In general, stormwater runoff is a significant pollution source 
because it is comprised of pollutants from the aquatic phase (e.g., 
rainwater) in combination with soil and sediment particles from sur
faces. Across urban environments specifically, stormwater runoff facil
itates the transport of physical, chemical, and biological contaminants 
from impervious surfaces into aquatic ecosystems. The focus of tradi
tional stormwater management systems (i.e., gray infrastructure such as 
gutters, drains, pipes, and storage) is to mediate the physical effects of 
stormwater (e.g., flooding) [74,75]. Green stormwater infrastructure 
(GSI) has more recently been installed to work alongside traditional gray 
infrastructure to reduce stormwater volumes using soils and plants, 
while also providing additional ecological services, including pollutant 
reduction [55]. GSI systems and other nature-based solutions have 
gained significant traction in various regions globally, such as sponge 
cities in China and water sensitive urban design in Australia [50]. This 
reflects a growing recognition of their multifaceted benefits in 
enhancing urban resilience and promoting sustainable water manage
ment practices [39,57]. Soil-based GSI systems such as bioswales, bio
retention cells, and constructed wetlands, vary in design and operational 
modes that could impact how they accumulate or remove stormwater 
pollutants [76]. Physical contaminants in stormwater, such as total 
suspended solids and sediments, have been found to be removed via 
settling, filtration, and infiltration into the GSI soils [8,18,24,76,81,90]. 
Moreover, GSI systems have the potential to reduce chemical contami
nants in stormwater, such as nutrients, metals, ions, minerals, and 
organic carbon [3,18,48,76,90,92]. The ability of GSI to remove 
stormwater contaminants has propelled an increase in installation of GSI 
in many countries across the world as well as research into design 
considerations that could enhance their functioning [57]. The use and 
functional capabilities of GSI systems to manage biological contami
nants in stormwater, however, has remained relatively unexplored. 

Research has focused primarily on fecal indictor bacteria and has indi
cated that removal through GSI is variable [19]. Various design factors, 
including system age and filter media have been identified as contrib
uting factors to the differences exemplified in performance [72]. Despite 
the evidence that GSI soils can impact the fate of biological contami
nants in stormwater, there has been very limited research on the 
occurrence of ARGs in GSI. Given that stormwater is a significant source 
of ARGs, it is crucial to understand the implications of stormwater 
dissemination within the urban water cycle. One key concern is the 
potential accumulation of stormwater ARGs in GSI soils, leading to GSI 
serving as a point source for ARG dissemination into the environment. 

It is imperative to characterize the amount and types of ARGs in GSI 
to understand the role of GSI as a sink or source of ARGs in the urban 
water cycle as well as if GSI could be employed to mitigate ARGs from 
stormwater runoff. To date, only one study investigated ARGs in full- 
scale GSI systems [35]. This investigation employed qPCR to quantify 
ARGs in three biofilters and three bioswale systems and found that ARG 
concentrations had a significant positive correlation with metal con
centrations, suggesting that the retention of ARGs and other contami
nants could be enhancing resistance via selective pressures in GSI soils 
[35]. This result highlights a potential fate of ARGs in GSI: proliferation. 
Proliferation can be driven by selective pressures as well as the presence 
of mobile genetic elements (MGEs) that transfer resistance genes be
tween bacteria through horizontal gene transfer (HGT). In addition to 
the limited research in this field, there is a critical gap in previous work 
providing essential GSI-related data that may offer insights into the 
concentrations and diversity of ARGs in GSI soils. This gap encompasses 
key factors like soil properties, system design parameters, and catch
ment area characteristics. Moreover, no studies have investigated the 
diversity of ARGs in full-scale GSI systems, which is crucially needed to 
understand links to the soil microbial community and MGEs. 

The main goal of this research was to characterize the resistome of a 
wide array of full-scale GSI to establish if they could act as potential 
hotspots for ARGs within the urban water cycle. The specific objectives 
of this work were to (1) characterize the abundance, occurrence, and 
diversity of ARGs in 24 GSI systems and a reference site, (2) investigate 
the co-occurrence of ARGs with MGEs, and (3) determine the contri
bution of the microbial community, MGEs, and environmental factors to 
the variation in the abundance and diversity of ARGs in GSI. Soil sam
ples from 24 full-scale GSI systems, including bioswales, bioretention 
cells, and constructed wetlands, of varying system, catchment, and soil 
characteristics were collected for this study. Metagenomic sequencing 
and qPCR were performed to determine the diversity and abundance of 
ARGs in the soil samples. Metagenomics was also utilized to characterize 
the microbial community and MGEs in GSI. This dataset along with the 
soil quality and site information, was used to determine environmental 
drivers of ARG diversity through a distance-based redundancy analysis. 

2. Methods 

2.1. Sampling locations and collection 

In total, 24 GSI sites and one reference site were selected for sam
pling. The GSI sites were located in the metropolitan area of Milwaukee, 
Wisconsin, USA (Fig. S.1). Four wetlands (W1 – W4), six bioretention 
cells (R1 – R6), and fourteen bioswales (S1 – S14) were included in this 
study. Bioretention, bioswale, and constructed wetland were chosen as 
the types of GSI to be sampled due to their widespread installation, 
relevance in microbiology research, and distinct design characteristics 
[10,37,51,52]. Specifically, bioretention cells employ engineered soils 
and vegetation within shallow depressions or basins to capture and treat 
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stormwater [36,52,73]. In contrast, bioswales utilize vegetated channels 
to convey and filter runoff [28,90]. Constructed wetlands emulate nat
ural wetland environments, employing aquatic plants and soils to 
facilitate comprehensive stormwater treatment through a combination 
of physical, chemical, and biological processes [5,77]. The surface area 
of the GSI sites ranged between 20 and 4861 m2 and the drainage area 
ranged between 248 – 15,782 m2 (Table S.1, Fig. S.2). The catchments 
were primarily comprised of impervious surfaces, such as streets, 
parking lots, and roofs, with an average imperviousness of 91.6%. In 
addition, the GSI sites ranged in age from 3 to 18 years since installation. 
Site specific characteristics and further information can be found in 
Table S.1. The reference site, Scuppernong Prairie, is a Wisconsin 
Department of Natural Resources natural protected area located in 
Eagle, Wisconsin, USA [71] (Fig. S.1). This site allowed for comparison 
between natural soil communities and those of engineered GSI. More
over, it does not receive runoff from impervious surfaces, thus providing 
a comparison to a site not subjected to urban stormwater dynamics. 

The 25 study locations were sampled in triplicate on one day over a 
four-week period in July and August of 2021 (Table S.2). At each site, 
triplicate surface soil samples (0 – 10 cm) were collected using a soil 
core; if necessary, plants, rocks, and other material covering the soil 
were removed prior to soil sampling. Approximately 60 g of soil were 
collected from each site and transported in Whirl-Pak® sample bags 
(Sigma Aldrich, St. Louis, MO., USA). All field equipment was cleaned in 
between sites according to the US EPA’s Laboratory Services and 
Applied Science Division operating procedure for field equipment 
cleaning and decontamination [84]. This study took place in the summer 
months for this region, with average daily temperatures ranging be
tween 21 – 29 ◦C (Table S.2, Fig. S.3). Rainfall events were recorded in 
between sampling days, but a minimum antecedent dry period of 4 days 
was maintained for all days that were sampled to ensure that the soils 
were in a similar dry condition (moisture content standard deviation =
11.5%) (Table S.2, Fig. S.3). 

2.2. Soil quality analysis 

Upon transport of the soil samples back to the lab, the soil was 
divided into two shares. Approximately 50 g of soil were weighed for a 
wet weight and then were dried overnight at 105 ◦C and weighed again. 
The dry soil was then ground through a 2-mm sieve with a mortar and 
pestle to homogenize the sample. Soil in between analyses was stored in 
the dark. 20 g of the dried soil was utilized to measure organic matter 
[34]. 10 g of the dried soil was utilized to measure pH and electrical 
conductivity [83] with Thermo Scientific Orion probes (Thermo Fisher 
Scientific, Waltham, MA) using a 1:5 soil to water ratio. 2 g of dried soil 
was further sieved through an 850-µm sieve for metal extraction via 
nitric acid (10%). Sorbed and exchangeable metals and cations were 
subsequently quantified by inductively coupled plasma mass spec
trometry (ICP-MS) analysis [56,82]. Finally, 15 g of dried soil were used 
for soil texture analysis [40]. 

The remaining share of the original soil sample was utilized for 
nutrient and DNA extraction. To maintain the integrity of the DNA and 
nutrients, this portion of the soil was not dried [46]. Upon division of 
this soil from the first share, the soil was weighed, sieved through a UV 
sterilized 2-mm sieve, weighed again, and stored in a − 20 ◦C freezer 
until the analyses were to be completed. Phosphorus was measured 
according to the Mehlich III extractable elements method [23] and po
tassium chloride extraction with colorimetric measurement was used to 
measure ammonium concentrations in the sampled soils [21]. Three 
samples were collected from each GSI site to generate triplicate data for 
each site. The three samples were analyzed each one time for all soil 
quality properties; therefore, n = 3. All methods used for soil quality 
analysis are further detailed in the Supplemental Materials. 

2.3. DNA extraction, metagenomic sequencing prep, and quantification of 
ARGs 

DNA was extracted with the QIAGEN DNeasy PowerLyzer PowerSoil 
Kit (Qiagen, Hilden, Germany) from the soil cores collected from each 
sampling site. The manufacturer’s protocol was followed for extraction 
and the vortex option was utilized for bead beating. The extracted DNA 
was used for both quantitative polymerase chain reaction (qPCR) and 
metagenomic sequencing. For sequencing, a composite sample of the 
extracts was prepared for each site by combining the triplicate samples 
by an equal DNA mass that was measured on an Invitrogen™ Qubit™ 
Flex Fluorometer (Thermo Fisher Scientific, Waltham, MA). For qPCR, 
four ARGs, sul1, sul2, tetW, and ermF, the integrase gene of the class 1 
integrons, intI1, and the 16S rRNA gene were quantified from the DNA 
extracts. These genes were selected because of the frequency of their 
quantification and abundances reported in soil environments [15,35,44, 
80,94]. Additionally, the ARGs represent different resistance mecha
nisms, including antibiotic target replacement (sul1 and sul2) [85], 
antibiotic target protection (tetW) [16], and antibiotic target alteration 
(ermF) [2]. Genes were quantified according to previously published 
qPCR protocols [41–43]. Additional primer information is provided in 
Table S.3. 

2.4. Metagenomic analysis and bioinformatics 

Samples were sequenced at the SeqCenter (previously Microbial 
Genome Sequencing Center, Pittsburgh, PA) on the Illumina NextSeq 
2000 platform (151-bp paired end) at a sequencing depth of 650 Mbp. 
The raw metagenomic sequencing data have been deposited in the 
Sequence Read Archive under accession number PRJNA1024991. The 
sequenced reads were first quality filtered using Trimmomatic (v0.40) to 
remove adaptors and low-quality sequences [7]. The quality filtered 
reads were utilized to assign taxonomy using MetaPhlAn v4.1 [6]. 

Following, reads were de novo assembled into contigs using metaSPAdes 
(v3.15.5) [60]. After each sample had its own assembly created using 
metaSPAdes, these assemblies were individually annotated using resis
tance gene identifier (RGI) v6.0.3 to discover ARGs [2], geNomad v1.7.0 
to annotate plasmids and viruses [31], and Integron Finder v2 to 
annotate integrons [59]. To estimate abundances of annotated ARGs, 
quality-filtered reads were mapped to FASTA sequences from RGI output 
files using Kallisto (v0.50.0) [9]. Following, relative gene abundance 
was calculated for each ARG as the mapped reads per kilobase of gene 
length per million total reads (RPKM). Finally, a specific subset of ARGs 
were isolated for all further analyses; ARGs without direct clinical 
relevance, such as those that confer resistance through protein over
expression or rRNA mutations, were removed. To identify co-location 
between ARGs and MGEs, the contig name associated with each ARG 
from RGI, and each MGE from geNomad and Integron Finder were iso
lated within each specific sample’s assembly. Therefore, co-location of 
ARG and MGEs from the same sample was determined by matching the 
ARG contig names with the MGE contig names from each sample’s as
sembly. This determined if an ARG shared a contig with an MGE, or if it 
was by itself on the contig. This method can only determine co-location 
and does not provide any insight into whether or not an MGE sharing a 
contig with an ARG is flanking it or not. 

2.5. Statistical analysis 

All genes quantified via qPCR and soil quality parameters were 
measured in triplicate. Statistically significant relationships across 
sampling locations were evaluated with one-way analysis of variance 
(ANOVA) with the post hoc Tukey’s multiple comparisons test. Signifi
cant relationships were assessed at a p-value< 0.05. Gene relative 
abundances were determined by dividing the gene’s absolute concen
tration by the 16S rRNA gene absolute concentration. 

Multiple linear regression analysis was conducted to determine the 
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influence of environmental factors, such as GSI soil properties, catch
ment, and site characteristics, on the absolute and relative abundance of 
ARGs, intI1, and the 16S rRNA gene. As this objective was specific to GSI 
sites, the reference site was not included in this analysis. The specific 
system and catchment parameters inputted into the model and the 
modelling process are detailed in the Supplemental Materials [17,53]. 

Statistical analyses for metagenomic results were also performed in R 
(v.4.2.2). The package phyloseq (v.1.42.0) was used to calculate the 
alpha and beta diversities of the ARG, microbial community, and MGE 
datasets. The metrics utilized for the alpha and beta diversity analyses 
were the Shannon diversity index and Bray-Curtis dissimilarity index, 
respectively. Non-metric multidimensional scaling (NMDS) was further 
used to ordinate and plot the beta diversity dissimilarity distances. To 
assess statistical significance between samples an ANOVA test with the 
Tukey’s post hoc multiple comparison test was applied for alpha di
versity and the permutational multivariate analysis of variance (PER
MANOVA) (999 permutations) test adonis2 (vegan package v.2.6-4) was 
applied to the Bray-Curtis distance matrices. Both were assessed at a 
significance level of p-values≤ 0.05 [95]. 

Variance partitioning was used for this study to determine the degree 
to which different factors – environmental, MGE, and microbial com
munity – explained the variance of ARG diversity at GSI sites. The GSI 
soil quality, catchment, and site characteristics were used as one 
explanatory factor, described collectively as “environmental factors”. 
The MGEs and microbial community datasets were the other two 
explanatory factors in this analysis. Explanatory factors were stan
dardized prior to analysis and the ARG diversity matrix was used as the 
response factor. The variance partitioning analysis was completed in R 
using the vegan package. To further investigate the specific contribution 
of environmental factors to the variance of ARGs across GSI sites, the 
individual environmental factors were modeled through a distance- 
based redundancy analysis (db-RDA) (vegan package). The process is 
detailed in the Supplemental Materials. All plots were created in either 
GraphPad Prism 7® (GraphPad Software, La Jolla, CA) or R (ggplot2 
package v.3.4.1). 

3. Results and discussion 

3.1. GSI accumulate ARGs at elevated concentrations 

The qPCR results revealed that GSI sites were hotspots for ARG 
sequestration. The relative abundance of all ARGs quantified was higher 
at each of the GSI sites compared to the reference site (Fig. 1 and 
Table S.5). This result was found despite a statistically (p < 0.05) 
greater biomass concentration at the reference site in comparison to all 
GSI systems, except bioswales 7 (S7) and 2 (S2) (Fig. S.8 and Table S.4). 
Therefore, the higher concentrations of ARG observed in the GSI systems 
cannot solely be attributed to the bacterial load of the soil. These results 
offer further evidence that ARGs accumulate in GSI soils at higher 
concentrations and occur more frequently within the microbial com
munity compared to the rural and non-engineered soil samples studied 
in this work. This finding suggests that GSI soils may retain ARGs from 
stormwater runoff, potentially serving as a long-term reservoir for ARGs, 
thereby heightening the potential of ARB proliferation and dissemina
tion into the urban water environment. 

Across the GSI soils, the concentration of ARGs were found to vary 
depending on the type of GSI system. Specifically, bioretention cell sites 
had significantly (p < 0.05) higher levels of sul1, sul2, and ermF genes 
compared to bioswales and constructed wetland sites (Fig. S.12). The 
increased abundances of these ARGs in bioretention cells could be linked 
to differences in their design or function. For instance, bioretention cells 
are designed to maximize stormwater infiltration, which involves the 
use of specialized soils and vegetation to facilitate infiltration and could 
thus promote the removal of ARGs through adsorption to the soil media 
[73]. On the other hand, in some cases, bioswales are designed to convey 
sheet flow, potentially limiting the degree of infiltration and retention of 
ARGs compared to bioretention cells [22]. Furthermore, constructed 
wetlands are intentionally designed to replicate the functions of natural 
wetlands, placing a primary focus on ecological processes [77]. This 
ecological emphasis may, in turn, be limiting the engineered elements 
that promote ARG removal. In addition, the constructed wetlands 
selected for this study were the largest in terms of surface area, a 

Fig. 1. Relative Abundance of the four ARGs and intI1 MGE quantified at 24 GSI sites and 1 reference site by qPCR.  
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characteristic that could have contributed to dispersed and irregular 
stormwater infiltration and ARG retention patterns throughout the site. 
This finding also contrasts with the results of a previous study by [35], 
which did not detect differences in ARG concentrations among various 
GSI locations [35]. That study though had a smaller sample size (n = 6). 

From this analysis, bioretention cell 2 (R2) also emerged as a site of 
interest as it had the greatest relative abundance for each ARG and the 
intI1 gene. This could be attributed to selective pressures as site R2 had 
high concentrations of metals, specifically nickel and cobalt (Fig. S.13). 
However, this trend is not consistent across all sites; for example, R1 also 
had high metal concentrations but ARGs were not similarly abundant. 
This discrepancy suggests that, while metal concentrations may in part 
affect the prevalence of ARGs in GSI soils, other intricate factors are at 
play to contribute to the overall ARG abundance. 

Environmental, site, and catchment characteristics were used as 
explanatory factors in a multiple linear regression analysis to predict the 
abundance of ARGs in GSI soils (Table S.12). The model indicated that 
the absolute and relative abundance of select ARGs in GSI can be pre
dicted using environmental variables with the proportion of variance 
being explained (R2-adjusted) falling between 0.419 and 0.862. Notably, 
heavy metals were not revealed as significant variables in the models, 
contrary to the results found in other GSI soils [66]. Rather, factors 
consistently identified in the models were percent catchment impervi
ousness of the drainage area, soil pH, and soil electrical conductivity. 

Across the ARGs quantified, sul1 was the most abundant for every 
site. intI1, a class 1 integron-integrase gene, was the second most 
abundant gene (Fig. 1). intI1 was also strongly (Pearson r = 0.44 – 0.99) 
and significantly (p < 0.05) correlated with the relative abundances of 
all ARGs (Table S.6). The concentrations of ARGs in numerous envi
ronments have previously been found to correlate with intI1 concen
trations and such a result has been used to suggest ARG mobility via 
integrons [32,35,54,87]. It is thus possible that ARGs are co-located on 
integrons in GSI soils. intI1 has also been suggested to be a marker for 
anthropogenic pollution in the environment [30]. In the GSI soils 
sampled for this study, where anthropogenic pollution is prevalent, the 
occurrence of intI1 reinforces this claim due to significant relationships 
with heavy metal concentrations, particularly zinc, as well as pH, cal
cium, and electrical conductivity (Table S.7). Additionally, in the 
multiple linear regression analysis catchment imperviousness was found 
to contribute to the variance of intI1 concentrations, implying that GSI 
design elements may also play a role in elevating pollution and resis
tance levels in the soil environments. 

3.2. GSI harbor a diverse resistome that is not influenced by the type of 
GSI 

The relative abundance of all ARGs annotated in the sample resis
tomes varied significantly across the GSI sites (Fig. 2A). In comparison to 

the reference site, all GSI sites – except for R6 – had a greater relative 
ARG abundance. Specifically, the RPKM of ARGs in the genomes of 15 of 
the 24 sites was 1.5 times or higher than the reference genome. Across 
the sites, however, only two ARGs were at all 25 sites: vanW and APH 
(2′’)-Ig. Moreover, there were no ARGs exclusively found in the GSI soil 
environments. The two ARGs that were at the most GSI sites (n = 20) 
and not the reference site were vanY and bahA. ARGs in GSI soils were 
generally unique to the individual systems. This could be in part the 
result of isolating specific ARG following annotation for analysis. Spe
cifically, 54% of the genes retained were only found at one or two sites 
(Fig. S.4 and S.5). Therefore, the ARG removal step implemented in this 
work, which aimed to extract ARGs without direct clinical relevance, 
also allowed for unique distinctions in the ARG composition across the 
samples to be isolated. 

ARGs were diverse in the GSI soils with the Shannon diversity index 
ranging from 2.68 to 5.06 (Fig. 2B). The Shannon diversity index is a 
function of the number of different ARGs and their relative abundance in 
a sample. The high diversity in GSI could be the result of more hetero
geneous inputs to GSI as stormwater runoff could be modifying and 
introducing foreign resistance elements into the soil. Moreover, elevated 
diversity observed at certain sites may suggest an influence of individual 
site designs. In certain instances, like at wetland site 4 (W4) and bio
retention site 5 (R5), the locations exhibited comparatively low Shannon 
diversity but high relative abundance (RPKM) values. This finding in
dicates the presence of a high number of ARGs, with fewer distinct types 
of ARGs. It’s feasible that the difference in ARG diversity across the sites 
could be due to the adsorptive capacity of the soil media to capture and 
retain ARGs from influent stormwater [12], nutrient content to sustain 
microbial functioning [76], and presence of heavy metals at concen
trations to promote antibiotic resistance [26]. In exploring this hy
pothesis, Pearson correlation analysis revealed significant correlations 
(p < 0.05) between ARG alpha diversity and clay content (r = 0.423), 
which supports the theory of ARG accumulation due to soil composition, 
as well as pH (0.404), and system age (− 0.433) (Table S.8). 

No difference in ARG beta diversity was found based on the type of 
GSI system (Fig. 3A PERMANOVA p > 0.05). This result falls contrary to 
the qPCR relative abundance data, suggesting that the treatment pro
cesses and design factors specific to each GSI type do not exert a sub
stantial influence on the overall diversity of ARGs. Following, 
hierarchical clustering was utilized to determine which sites were 
similar in terms of ARG composition (Fig. S.7). Except for S10 and S12, 
all sites formed distinct clusters of mixed GSI types apart from the 
reference site. This underscores the likelihood that factors beyond GSI 
type, such as engineered soil composition, urban location, or exposure to 
stormwater, contribute to the divergence in GSI resistomes compared to 
those of native soil environments. 

Fig. 2. Alpha Diversity; A: The number of ARG-like reads per kilobase million (RPKM) bacterial genome number; B: ARG Shannon alpha diversity index.  
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3.3. (Lack of) correlation between ARG and microbial community 
diversity in GSI 

ARG beta diversity did not correlate to microbial community di
versity (Fig. 3; Mantel test, p > 0.05). Moreover, correlation analysis 
conducted between ARG alpha diversity and microbial alpha diversity 
(Fig. 2B and Fig. S.6) also revealed no relationship within the GSI soil 
samples (Table S.9). This finding suggests that, unlike many other en
vironments such as soil, water, urban sewage, sediments, biofilms, 
sludge, and fecal samples, where a strong and significant correlation 
between microbial community diversity and ARG diversity has been 
consistently observed [25,49,78], the diversity of the bacterial com
munities in GSI may not exert a substantial influence on the diversity of 
ARGs. 

Within GSI soils, factors beyond the microbial community must be 
driving the composition of ARGs. Potential factors include MGEs and 
environmental conditions. Variations in environmental selection pres
sures, for example, could be forcing the microbial community in GSI to 
adapt to the prevailing environmental conditions, thereby favoring the 
proliferation of distinct ARGs. The lack of correlation between microbial 
and ARG diversity may also, to some extent, be attributed to the ARG 
removed prior to this analysis. The genes that were excluded had no 
direct clinical relevance, such as genes associated with global gene 
regulators, two component system proteins, and signaling mediators as 
well as general efflux pumps and genes encoding subunits that are part 
of multiple efflux pumps. Such genes may have had a stronger associa
tion with particular bacterial strains, making the remaining genes less a 
consequence of phylogenetic distinctions and more a reflection of the 
different environmental conditions prevalent at each site. 

The diversity of microbial community was influenced by GSI type 
(Fig. 3B, PERMANOVA p = 0.026). This result is supported by other 
studies of GSI [10,28,29,51] wherein many different factors were found 
to contribute to the differences across the types of systems, including the 
plant species, soil composition, and hydrology. Plants, for instance, can 
influence the types of microbes present in GSI through altering the 
infiltration rates, promoting uptake of specific pollutants, and providing 
resources in root extrudates [58]. Furthermore, engineered soils used in 
GSI differ according to the specific system. Bioretention cells, for 
instance, typically have a layered soil profile consisting of sandy loam or 
loamy soils to support infiltration. In contrast, constructed wetlands 
often have more clayey soils to support wetland vegetation. This soil 
design can significantly enhance GSI performance, modulating the 
extent of water infiltration, nutrient retention, and pollutant removal 
[37]. These soil variations, in turn, can shape microbial communities, as 

certain bacterial species are better adapted to specific soil conditions, 
such as limited nutrient availability [20]. GSI design also largely impacts 
hydrologic functioning, specifically water retention and drainage. These 
functional traits can influence the composition and activity of microbial 
communities by exposing them to fluctuating moisture conditions and 
affecting the availability of oxygen. Bioswales and bioretention cells for 
instance, experience intermittent wetting and drying cycles, and, 
depending on the intensity and duration of the storm event, will 
temporarily retain water. Constructed wetlands though are designed to 
have submerged zones, leading to anaerobic and aerobic zones across 
the system. The varying bacterial communities across GSI system types 
therefore indicates that these differing design factors force the bacterial 
community to adapt to the specific environmental conditions, effectively 
creating distinct niche environments within the GSI soils. 

3.4. ARGs Co-located with MGEs in GSI systems are driven by 
environmental factors 

The percentage of ARGs at each GSI site that were identified as co- 
occurring with a MGE ranged from 3.27 – 8.83%, with the reference 
site having the second highest proportion of potentially mobilized ARGs 
(Fig. 4A). MGEs were further explored in this work to elucidate their role 
in shaping the composition of ARGs within GSI soils as the diversity 
analysis alluded to factors beyond the microbial community influencing 
the diversity of ARGs in GSI soils, and qPCR analysis revealed significant 
correlations between ARGs and the MGE intI1. The results, however, fall 
contrary to the expectation that there would be an increased occurrence 
of ARGs co-located on MGEs in GSI soils comparatively to the reference 
site [30]. 

It was also expected though that elevated concentrations of storm
water pollutants, including selective pressures, would increase ARG 
mobility [30]. This hypothesis is supported by correlation analysis 
(Pearson r > 0.5, p < 0.05), which indicated that sites with higher 
concentrations of arsenic, phosphorus, magnesium, and calcium also 
had a high ratio of mobilized ARGs (Table S.10). Correlation analysis 
was also conducted by GSI type, and different results were found. A 
higher ratio of mobilized ARGs in bioswales was correlated with soil 
texture (r = 0.76, p < 0.05), suggesting that the presence of mobilized 
ARGs is primarily on account of the site’s adsorption capacity. 
Conversely, in bioretention cells and constructed wetlands a higher ratio 
was strongly (r > 0.85) and significantly (p < 0.05) correlated to soil 
properties (i.e., soil moisture, phosphorus, and arsenic) and pH, 
respectively. Therefore, in bioretention cells and constructed wetlands, 
mobilization of ARGs is more the result of soil condition and selective 

Fig. 3. Beta Diversity; A: Beta Diversity of ARGs at GSI sites and reference site. PERMANOVA indicates no statistical difference in ARG composition by type of GSI 
system (p > 0.05); B: Beta Diversity of the microbial community at the GSI sites and reference site. PERMANOVA indicates a statistical difference in community 
composition by type of GSI system (p < 0.05). 
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pressures. The presence of MGEs carrying ARGs, moreover, have been 
demonstrated to provide a selective advantage upon bacteria harboring 
these elements [4]. As a result, it is possible that, in bioretention cells 
and constructed wetland environments, the accumulation of potentially 
toxic ions selects for ARGs and the dissemination of ARGs through 
MGEs. The diversity of the mobilized ARGs (Fig. 4B), however, was not 
significantly correlated (Mantel test, p > 0.05) to the overall ARGs di
versity (Fig. 3A). Paired together, these findings suggest that, while 
mobilized ARGs can contribute to proliferation in GSI soils, they were 
not the primary diver contributing to the overall ARG variance observed 
in the GSI soils in this study. 

3.5. Environmental factors drive the diversity of ARGs in GSI 

Partitioning analysis indicated that environmental factors signifi
cantly influence ARG diversity, specifically accounting for 27.9% of the 
observed variance in ARGs (Fig. 5A). The analysis also confirmed that 
the microbial community minimally impacted ARG diversity as it was 
the factor that explained the least proportion of variance, accounting for 
only 8.7% of the observed variability. Following, MGEs explained 12.3% 

of the observed variation. Such results reveal that in GSI there is an 
interplay between environmental factors, the microbial community, and 
resistance elements that is creating a unique dynamic at each site 
leading to varying antibiotic resistance diversity. Moreover, this finding 
highlights the critical role that abiotic and design factors play in shaping 
the prevalence and distribution of ARGs within GSI soil environments. 
From this analysis, important insights into the dynamics shaping ARGs 
in GSI were confirmed, however a notable portion of the variance—
specifically, 51.1%—remains unexplained. This unexplained variance 
suggests the presence of additional factors or interactions that have yet 
to be accounted for in our current model and highlights the need for 
further research. 

The environmental factors were individually explored to elucidate 
their impact on ARG diversity; copper, catchment imperviousness, 
phosphorus, magnesium, and calcium were identified as significant 
factors contributing to the model. A db-RDA was utilized for this anal
ysis, but prior to modelling all factors were summarized into PCA axes to 
reduce collinearity in the model (Fig. S.9 and Table S.11). The db-RDA 
modelling indicated that four of the PCAs contributed to a significant 
model (p < 0.05) (Fig. 5B). To interpret this result, correlation analyses 

Fig. 4. Mobile Genetic Elements; A: From the total number of ARG annotated, the percentage of those ARGs co-occurring with MGE at each site; B: The beta diversity 
of the mobilized ARGs. PERMANOVA indicates no statistical difference in ARG composition by type of GSI system (p > 0.05). 

Fig. 5. Variance Partitioning; A: The results of the variance partitioning analysis, values in Venn diagram are adjusted R2; B: RDA results; model p-value = 0.039 and 
R2 = 0.189. 
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were completed between the PCA axes identified and the environmental 
factors summarized by each PCA (shown on Fig. 5B). The correlation 
analyses revealed the factors that primarily drove the diversity of ARGs 
in GSI soils: copper (PCA2, r = − 0.671), catchment imperviousness 
(PCA5, r = 0.820), phosphorus (PCA6, r = 0.773), magnesium (PCA7, 
r = − 0.943) and calcium (PCA7, r = − 0.970). 

Two of the factors identified, metals and catchment imperviousness, 
were initially hypothesized to influence ARG diversity. The rationale for 
this hypothesis was based on the understanding that metals are a known 
selective pressure for the maintenance of ARGs and are prevalent in 
urban runoff (Q. [86]). Copper concentrations were found to be nega
tively correlated with ARG diversity (Fig. 5). This relationship can be 
explained by high copper concentrations having a bactericidal effect on 
the community, leading to a reduction in overall diversity, while lower 
copper concentrations can induce stress and HGT among the bacterial 
population [86,93]. This heightened HGT activity under lower copper 
stress can contribute to an increase in ARG diversity. Catchment 
imperviousness on the other hand, was positively correlated to ARG 
diversity. This finding reveals that GSI located in proximity to imper
vious surfaces such as parking lots and roofs tend to accumulate a more 
diverse resistome. This outcome can be attributed to the fact that 
impervious surfaces accumulate more dynamic and varied pollutants as 
well as yield increased runoff volumes [14,88]. Consequently, GSI 
located in such areas may be exposed to a wider array of environmental 
stressors, potentially fostering a greater diversity of antibiotic resistance 
mechanisms. 

The factors identified in the model that were not anticipated to be 
influential were phosphorus as well as magnesium and calcium. Phos
phorus is an abundant pollutant in stormwater runoff, and GSI soils are 
regularly designed to capture and retain nutrients, including phos
phorus, to mitigate downstream environmental impacts [65]. Conse
quently, GSI soils tend to have elevated nutrient concentrations [81]. 
Phosphorus also plays a pivotal role as an essential nutrient supporting a 
healthy microbial community. Increased phosphorus concentrations, in 
combination with selective pressures like metals, could thus facilitate 
the selective growth of ARB, increasing the overall diversity of the 
resistome in GSI. Magnesium and calcium are also widespread storm
water pollutants, typically associated with road salts. Road salts, in this 
case magnesium chloride and calcium chloride, are a significant envi
ronmental concern in regions where they are applied to impervious 
surfaces during the winter months to combat ice buildup caused by 
winter storms and cold temperatures [38,47]. Even though these sam
ples were collected in the summer months, salts have been shown to 
persist in water bodies, even being documented in urban streams at 
concentrations exceeding regulatory chloride thresholds in summer 
months [47,79]. In microbial communities, salinity, associated with 
magnesium and calcium ions, is a known selective pressure as elevated 
salt concentrations can induce intracellular osmotic stress and trigger 
the SOS responses [91]. As observed with heavy metals, genes confer
ring tolerance to salt stress have been found to co-occur with ARGs, and 
consequently, salinity can promote the propagation of ARGs through 
co-resistance mechanisms [91]. Consequently, while the diversity of the 
microbial community was found to not significantly impact ARG di
versity, this analysis suggests that ARG diversity is impacted by the 
response of a microbial community to environmental stressors. 
Furthermore, the impact of salinity on ARGs within GSI is supported by 
the results of the ARG abundance regression analysis (Table S.12). In 
this analysis, pH, conductivity, and calcium were all correlated with 
ARG abundances. Notably, these correlations displayed a negative 
trend, implying that high salt concentrations are toxic to the microbial 
community, limiting ARG abundance and diversity. Lower salt concen
trations though can induce stress within the microbial community, 
leading to both an increase in ARG abundance and diversity. 

3.6. Implications and future directions 

In assessing the risk associated with the environmental presence of 
antibiotic resistance, there is a need to examine the role played by GSI in 
potentially exacerbating this public health concern. This study specif
ically investigated two critical aspects: GSI’s role in accumulating 
diverse and abundant ARGs from stormwater and its potential to 
accelerate the dissemination of resistance within the microbial com
munity inhabiting GSI soils. This work concludes that GSI soils harbor a 
diverse and abundant resistome, above what is found in native, non- 
engineered soils, and that heavy metals, nutrients, and road salts, are 
the factors influencing this diversity in GSI environments. 

The overarching implications of GSI being a hotspot for antibiotic 
resistance involves a potential cycle wherein ARGs from stormwater are 
temporarily retained within GSI soils, environmental stressors trigger 
HGT, and following, a diverse and abundant community of ARB are 
mobilized back into the environment during subsequent rainfall events. 
This phenomenon could make GSI soils a significant source of antibiotic 
resistance within the urban water cycle. Future research will be required 
to confirm these potential consequences, including monitoring GSIs 
across a longer time scale. This research though does highlight key 
factors to be considered in GSI design when assessing the potential 
accumulation of ARGs in GSI soils. Factors such as the type of GSI, for 
instance, can increase the retention of ARGs from stormwater through 
design that prioritizes stormwater infiltration mechanisms, such as soil 
composition and plant diversity. Site characteristics were also identified 
as influencing factors, including catchment area imperviousness, which 
indicates that the placement of GSI in an urban landscape can impact the 
ARG diversity in runoff. Furthermore, this research revealed that heavy 
metals, nutrients, and road salt concentrations in GSI can be used as 
indicative markers for the stress being placed on the microbial com
munity, potentially driving selective HGT. Minimum selective concen
tration experiments will need to be conducted to determine the levels at 
which metals and road salts induce stress. These data would assist in 
identifying high risk GSI environments for ARG dissemination and 
mobilization and offers guidance for optimizing GSI design to mitigate 
antibiotic resistance proliferation and protect the surrounding 
environment. 

4. Conclusions 

This was the first research to investigate the resistome of GSI. The 
main objective was to characterize the resistome of GSI while also 
determining if GSI is a hotspot for antibiotic resistance. This research led 
to the following conclusions:  

1. GSI soils are hotspots for ARGs accumulation as the concentrations of 
ARGs were greater in GSI than a nonengineered soil environment 

2. ARG concentrations are influenced by GSI type as ARG concentra
tions differed based on the type of system (i.e., bioswale, bio
retention cells, and constructed wetland)  

3. GSI soils harbor a diverse resistome that is not influenced by GSI type  
4. No relationship was observed between the diversity of the microbial 

community and ARGs, indicating that the diversity of the microbial 
community had minimal influence over the diversity of ARGs in GSI  

5. ARGs were not co-located on MGEs in GSI above what was observed 
in native, un-engineered soil  

6. Environmental factors, including copper, catchment imperviousness, 
phosphorus, magnesium, and calcium, significantly shaped the di
versity of ARGs in GSI 

This research demonstrates that GSI soils act as significant reservoirs 
for ARGs. For this work only one non-GSI site was sampled, and there
fore, future work should seek to compare GSI soils to further non- 
engineered soil environments. It was further determined that the type 
of GSI is driving ARG accumulation, indicating the possibility of 
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optimizing the engineered aspects of GSI to effectively control ARGs in 
stormwater runoff. The study also reveals that environmental factors 
play crucial roles in shaping the resistome diversity within these sys
tems. While catchment imperviousness, metals, nutrients, and salts were 
identified as influential factors, the complex interplay among these el
ements, microbial communities, and MGEs contributes to the observed 
variation in ARG diversity in GSI soils. This work highlights the 
importance of considering GSI systems as potential hotspots for ARGs 
and emphasizes the need for further research to develop strategies for 
managing antibiotic resistance in urban environments. 

Environmental implication 

Green Stormwater Infrastructure (GSI) soils are environmentally 
relevant because of their potential role as reservoirs for hazardous ma
terials, specifically antibiotic resistance genes (ARGs). In this research, 
GSI sites were identified as hotspots for ARG sequestration. Moreover, 
the diversity in antibiotic resistomes was influenced by environmental 
parameters including heavy metal, nutrients, and salt concentrations. 
The accumulation of ARGs in GSI soils raises concerns about the envi
ronmental dissemination and proliferation of antibiotic resistance 
throughout the urban water cycle. Understanding ARG dynamics in GSI 
is crucial for informing design decisions to leverage GSI as a tool to 
mitigate the spread of antibiotic resistance. 
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Piperni, E., Punčochář, M., Valles-Colomer, M., Tett, A., Giordano, F., Davies, R., 
Wolf, J., Segata, N., 2023. Extending and improving metagenomic taxonomic 
profiling with uncharacterized species using MetaPhlAn 4. Nat Biotechnol. https:// 
doi.org/10.1038/s41587-023-01688-w. 

[7] Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 30 (15), 2114–2120. https://doi.org/ 
10.1093/bioinformatics/btu170. 

[8] Boyle, C., Gamage, G.B., Burns, B., Fassman-Beck, E., Knight-Lenihan, S., 
Schwendenmann, L., & Thresher, W.,. 2012. Greening Cities: A review of green 
infrastructure. 

[9] Bray, N.L., Pimentel, H., Melsted, P., Pachter, L., 2016. Near-optimal probabilistic 
RNA-seq quantification. Nat Biotechnol 34 (5), 525–527. https://doi.org/10.1038/ 
nbt.3519. 

[10] Brodsky, O.L., Shek, K.L., Dinwiddie, D., Bruner, S.G., Gill, A.S., Hoch, J.M., 
Palmer, M.I., McGuire, K.L., 2019. Microbial communities in bioswale soils and 
their relationships to soil properties, plant species, and plant physiology. Front 
Microbiol 10 (November), 1–10. https://doi.org/10.3389/fmicb.2019.02368. 

[11] Burch, T.R., Newton, R.J., Kimbell, L.K., LaMartina, E.Lou, O’Malley, K., 
Thomson, S.M., Marshall, C.W., McNamara, P.J., 2022. Targeting current and 
future threats: recent methodological trends in environmental antimicrobial 
resistance research and their relationships to risk assessment. Environ Sci (Camb 8 
(9), 1787–1802. https://doi.org/10.1039/d2ew00087c. 

[12] Chandrasena, G.I., Shirdashtzadeh, M., Li, Y.L., Deletic, A., Hathaway, J.M., 
McCarthy, D.T., 2017. Retention and survival of E. coli in stormwater biofilters: 
Role of vegetation, rhizosphere microorganisms and antimicrobial filter media. 
Ecol Eng 102, 166–177. https://doi.org/10.1016/j.ecoleng.2017.02.009. 

[13] Choudhury, S., Medina-Lara, A., Smith, R., 2022. Antimicrobial resistance and the 
COVID-19 pandemic, 295-295A Bull World Health Organ 100 (5). https://doi.org/ 
10.2471/BLT.21.287752. 

[14] Chow, M.F., Yusop, Z., Abustan, I., 2015. Relationship between sediment build-up 
characteristics and antecedent dry days on different urban road surfaces in 
Malaysia. Urban Water J 12 (3), 240–247. https://doi.org/10.1080/ 
1573062X.2013.839718. 

[15] Cira, M., Echeverria-Palencia, C.M., Callejas, I., Jimenez, K., Herrera, R., Hung, W. 
C., Colima, N., Schmidt, A., Jay, J.A., 2021. Commercially available garden 
products as important sources of antibiotic resistance genes—a survey. Environ Sci 
Pollut Res 28 (32), 43507–43514. https://doi.org/10.1007/s11356-021-13333-7. 

[16] Connell, S.R., Tracz, D.M., Nierhaus, K.H., Taylor, D.E., 2003. Ribosomal 
protection proteins and their mechanism of tetracycline resistance. Antimicrob 
Agents Chemother 47 (12), 3675–3681. https://doi.org/10.1128/ 
AAC.47.12.3675-3681.2003. 

[17] Czekalski, N., Sigdel, R., Birtel, J., Matthews, B., Bürgmann, H., 2015. Does human 
activity impact the natural antibiotic resistance background? Abundance of 
antibiotic resistance genes in 21 Swiss lakes. Environ Int 81, 45–55. https://doi. 
org/10.1016/j.envint.2015.04.005. 

[18] Davis, A.P., 2007. Field performance of bioretention: Water quality. Environ Eng 
Sci 24 (8), 1048–1064. https://doi.org/10.1089/ees.2006.0190. 

[19] Davis, L.J., Milligan, R., Stauber, C.E., Jelks, N.O., Casanova, L., Ledford, S.H., 
2022. Environmental injustice and Escherichia coli in urban streams: potential for 
community-led response. Wiley Interdisciplinary Reviews: Water, 9 (3), 1–19. 
https://doi.org/10.1002/wat2.1583. 

[20] Deeb, M., Groffman, P.M., Joyner, J.L., Lozefski, G., Paltseva, A., Lin, B., Mania, K., 
Cao, D.L., McLaughlin, J., Muth, T., Prithiviraj, B., Kerwin, J., Cheng, Z., 2018. Soil 
and microbial properties of green infrastructure stormwater management systems. 
Ecol Eng 125 (April), 68–75. https://doi.org/10.1016/j.ecoleng.2018.10.017. 

[21] Dorich, R.A., Nelson, D.W., 1983. Direct colorimetric measurement of ammonium 
in potassium chloride extracts of soils. Soil Sci Soc Am J 47 (4), 833–836. 

[22] Ekka, S.A., Rujner, H., Leonhardt, G., Blecken, G.T., Viklander, M., Hunt, W.F., 
2021. Next generation swale design for stormwater runoff treatment: a 
comprehensive approach. J Environ Manag 279, 111756. https://doi.org/ 
10.1016/j.jenvman.2020.111756. 

K. O’Malley et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.jhazmat.2024.133923
https://doi.org/10.1016/j.envint.2018.04.005
https://doi.org/10.1016/j.envint.2018.04.005
https://doi.org/10.1093/nar/gkz935
https://doi.org/10.1016/j.watres.2019.01.040
https://doi.org/10.1093/femsre/fux053
https://doi.org/10.1672/0277-5212(2004)024[0459:EOACWI]2.0.CO;2
https://doi.org/10.1038/s41587-023-01688-w
https://doi.org/10.1038/s41587-023-01688-w
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1038/nbt.3519
https://doi.org/10.3389/fmicb.2019.02368
https://doi.org/10.1039/d2ew00087c
https://doi.org/10.1016/j.ecoleng.2017.02.009
https://doi.org/10.2471/BLT.21.287752
https://doi.org/10.2471/BLT.21.287752
https://doi.org/10.1080/1573062X.2013.839718
https://doi.org/10.1080/1573062X.2013.839718
https://doi.org/10.1007/s11356-021-13333-7
https://doi.org/10.1128/AAC.47.12.3675-3681.2003
https://doi.org/10.1128/AAC.47.12.3675-3681.2003
https://doi.org/10.1016/j.envint.2015.04.005
https://doi.org/10.1016/j.envint.2015.04.005
https://doi.org/10.1089/ees.2006.0190
https://doi.org/10.1002/wat2.1583
https://doi.org/10.1016/j.ecoleng.2018.10.017
http://refhub.elsevier.com/S0304-3894(24)00502-8/sbref20
http://refhub.elsevier.com/S0304-3894(24)00502-8/sbref20
https://doi.org/10.1016/j.jenvman.2020.111756
https://doi.org/10.1016/j.jenvman.2020.111756


Journal of Hazardous Materials 469 (2024) 133923

10

[23] Eliason, R., Goos, R.J., & Hoskins, B.,. 2015. Recommended Chemical Soil Test 
Procedures for the North Central Region. 221,. 

[24] Fassman, E.A., & Liao, M.,. 2009, January 1. Monitoring of a Series of Swales 
within a Stormwater Treatment Train. Proceedings of H2O 09: 32nd Hydrology 
and Water Resources Symposium, Newcastle: Adapting to Change. https://search. 
informit.org/doi/10.3316/informit.751077419595143. 

[25] Forsberg, K.J., Patel, S., Gibson, M.K., Lauber, C.L., Knight, R., Fierer, N., 
Dantas, G., 2014. Bacterial phylogeny structures soil resistomes across habitats. 
Nature 509 (7502), 612–616. https://doi.org/10.1038/nature13377. 

[26] Fu, Y., Zhu, Y., Dong, H., Li, J., Zhang, W., Shao, Y., Shao, Y., 2023. Effects of 
heavy metals and antibiotics on antibiotic resistance genes and microbial 
communities in soil. Process Saf Environ Prot 169 (August 2022), 418–427. 
https://doi.org/10.1016/j.psep.2022.11.020. 

[27] Garner, E., Benitez, R., von Wagoner, E., Sawyer, R., Schaberg, E., Hession, W.C., 
Krometis, L.A.H., Badgley, B.D., Pruden, A., 2017. Stormwater loadings of 
antibiotic resistance genes in an urban stream. Water Res 123, 144–152. https:// 
doi.org/10.1016/j.watres.2017.06.046. 

[28] Gill, A.S., Lee, A., McGuire, K.L., 2017. Phylogenetic and functional diversity of 
total (DNA) and expressed (RNA) bacterial communities in urban green 
infrastructure bioswale soils. Appl Environ Microbiol 83 (16), 1–15. https://doi. 
org/10.1128/AEM.00287-17. 

[29] Gill, A.S., Purnell, K., Palmer, M.I., Stein, J., McGuire, K.L., 2020. Microbial 
composition and functional diversity differ across urban green infrastructure types. 
Front Microbiol 11 (June). https://doi.org/10.3389/fmicb.2020.00912. 

[30] Gillings, M.R., Gaze, W.H., Pruden, A., Smalla, K., Tiedje, J.M., Zhu, Y.G., 2015. 
Using the class 1 integron-integrase gene as a proxy for anthropogenic pollution. 
ISME J 9 (6), 1269–1279. https://doi.org/10.1038/ismej.2014.226. 

[31] Gudmundsson, S., Singer-Berk, M., Watts, N.A., Phu, W., Goodrich, J.K., 
Solomonson, M., Rehm, H.L., MacArthur, D.G., O’Donnell-Luria, A., 2022. Variant 
interpretation using population databases: Lessons from gnomAD. Hum Mutat 43 
(8), 1012–1030. https://doi.org/10.1002/humu.24309. 

[32] Gupta, S., Graham, D.W., Sreekrishnan, T.R., Ahammad, S.Z., 2022. Effects of 
heavy metals pollution on the co-selection of metal and antibiotic resistance in 
urban rivers in UK and India. Environ Pollut 306 (April), 119326. https://doi.org/ 
10.1016/j.envpol.2022.119326. 

[33] He, T., Jin, L., Xie, J., Yue, S., Fu, P., Li, X., 2021. Intracellular and extracellular 
antibiotic resistance genes in airborne PM2.5for respiratory exposure in urban 
areas. Environ Sci Technol Lett 8 (2), 128–134. https://doi.org/10.1021/acs. 
estlett.0c00974. 

[34] Hoogsteen, M.J.J., Lantinga, E.A., Bakker, E.J., Groot, J.C.J., Tittonell, P.A., 2015. 
Estimating soil organic carbon through loss on ignition: Effects of ignition 
conditions and structural water loss. Eur J Soil Sci 66 (2), 320–328. https://doi. 
org/10.1111/ejss.12224. 

[35] Hung, W.-C., Rugh, M., Feraud, M., Avasarala, S., Kurylo, J., Gutierrez, M., 
Jimenez, K., Truong, N., Holden, P.A., Grant, S.B., Liu, H., Ambrose, R.F., Jay, J.A., 
2022. Influence of soil characteristics and metal(loid)s on antibiotic resistance 
genes in green stormwater infrastructure in Southern California. J Hazard Mater 
424 (April 2021), 127469. https://doi.org/10.1016/j.jhazmat.2021.127469. 

[36] Hunt, W.F., Davis, A.P., Traver, R.G., 2012. Meeting hydrologic and water quality 
goals through targeted bioretention design. J Environ Eng 138 (6), 698–707. 
https://doi.org/10.1061/(asce)ee.1943-7870.0000504. 

[37] Joyner, J.L., Kerwin, J., Deeb, M., Lozefski, G., Prithiviraj, B., Paltseva, A., 
Mclaughlin, J., Groffman, P., Cheng, Z., Muth, T.R., 2019. Green infrastructure 
design influences communities of urban soil bacteria. Front Microbiol 10, 982. 
https://doi.org/10.3389/fmicb.2019.00982. 

[38] Kaushal, S.S., Likens, G.E., Utz, R.M., Pace, M.L., Grese, M., Yepsen, M., 2013. 
Increased river alkalinization in the eastern U.S. Environ Sci Technol 47 (18), 
10302–10311. https://doi.org/10.1021/es401046s. 

[39] Keeley, M., Koburger, A., Dolowitz, D.P., Medearis, D., Nickel, D., Shuster, W., 
2013. Perspectives on the use of green infrastructure for stormwater management 
in Cleveland and Milwaukee. Environ Manag 51, 1093–1108. https://doi.org/ 
10.1007/s00267-013-0032-x. 

[40] Kettler, T.A., Doran, J.W., Gilbert, T.L., 2001. Simplified method for soil particle- 
size determination to accompany soil-quality analyses. Soil Sci Soc Am J 65 (3), 
849–852. https://doi.org/10.2136/sssaj2001.653849x. 

[41] Kimbell, L.K., Kappell, A.D., McNamara, P.J., 2018. Effect of pyrolysis on the 
removal of antibiotic resistance genes and class 1 integrons from municipal 
wastewater biosolids. Environ Sci 270, 12. https://doi.org/10.1039/c8ew00141c. 

[42] Kimbell, L.K., Lamartina, E.Lou, Kappell, A.D., Huo, J., Wang, Y., Newton, R.J., 
Mcnamara, P.J., 2021. Cast iron drinking water pipe biofilms support diverse 
microbial communities containing antibiotic resistance genes, metal resistance 
genes, and class 1 integrons. Environ Sci: Water Res Technol 7, 584. https://doi. 
org/10.1039/d0ew01059f. 

[43] Kimbell, L.K., Wang, Y., McNamara, P.J., 2020. The impact of metal pipe materials, 
corrosion products, and corrosion inhibitors on antibiotic resistance in drinking 
water distribution systems. Appl Microbiol Biotechnol 104 (18), 7673–7688. 
https://doi.org/10.1007/s00253-020-10777-8. 

[44] Knapp, C.W., Callan, A.C., Aitken, B., Shearn, R., Koenders, A., Hinwood, A., 2017. 
Relationship between antibiotic resistance genes and metals in residential soil 
samples from Western Australia. Environ Sci Pollut Res 24 (3), 2484–2494. https:// 
doi.org/10.1007/s11356-016-7997-y. 

[45] LaPara, T.M., Burch, T.R., McNamara, P.J., Tan, D.T., Yan, M., Eichmiller, J.J., 
2011. Tertiary-treated municipal wastewater is a significant point source of 
antibiotic resistance genes into Duluth-superior harbor. Environ Sci Technol 45, 
9543–9549. https://doi.org/10.1021/es202775r. 

[46] Lauber, C.L., Zhou, N., Gordon, J.I., Knight, R., Fierer, N., 2010. Effect of storage 
conditions on the assessment of bacterial community structure in soil and human- 
associated samples. FEMS Microbiol Lett 307 (1), 80–86. https://doi.org/10.1111/ 
j.1574-6968.2010.01965.x. 

[47] Lawsona, L., Jackson, D.A., 2021. Salty summertime streams—road salt 
contaminated watersheds and estimates of the proportion of impacted species. 
Facets 6 (1), 317–333. https://doi.org/10.1139/FACETS-2020-0068. 

[48] LeFevre, G., Paus, K., Natarajan, P., Gulliver, J., Novak, P., Hozalski, R., 2015. 
Review of dissolved pollutants in urban storm water and their removal and fate in 
bioretention cells. J Environ Eng 141 (1), 04014050. 

[49] Li, B., Yang, Y., Ma, L., Ju, F., Guo, F., Tiedje, J.M., Zhang, T., 2015. Metagenomic 
and network analysis reveal wide distribution and co-occurrence of environmental 
antibiotic resistance genes. ISME J 9 (11), 2490–2502. https://doi.org/10.1038/ 
ismej.2015.59. 

[50] Li, C., Peng, C., Chiang, P.-C., Cai, Y., Wang, X., Yang, Z., 2019. Mechanisms and 
applications of green infrastructure practices for stormwater control: a review. 
J Hydrol (Amst 568, 626–637. https://doi.org/10.1016/j.jhydrol.2018.10.074. 

[51] Li, L., Li, S., Ma, X., Yan, Y., 2022. Effects of urban green infrastructure designs on 
soil bacterial community composition and function. Ecosystems 26 (4), 815–825. 
https://doi.org/10.1007/s10021-022-00797-y. 

[52] Liao, K.-H., Deng, S., Tan, P.Y., 2017. In: Tan, P.Y., Jim, C.Y. (Eds.), Blue-Green 
Infrastructure: New Frontier for Sustainable Urban Stormwater Management BT - 
Greening Cities: Forms and Functions. Springer Singapore, pp. 203–226. https:// 
doi.org/10.1007/978-981-10-4113-6_10. 

[53] Liu, X., Xiao, P., Guo, Y., Liu, L., Yang, J., 2019. The impacts of different high- 
throughput profiling approaches on the understanding of bacterial antibiotic 
resistance genes in a freshwater reservoir. Sci Total Environ 693, 133585. https:// 
doi.org/10.1016/j.scitotenv.2019.133585. 

[54] Lu, Z., Na, G., Gao, H., Wang, L., Bao, C., Yao, Z., 2015. Fate of sulfonamide 
resistance genes in estuary environment and effect of anthropogenic activities. Sci 
Total Environ 527–528, 429–438. https://doi.org/10.1016/j. 
scitotenv.2015.04.101. 

[55] Lundholm, J.T., 2015. The ecology and evolution of constructed ecosystems as 
green infrastructure. Front Ecol Evol 3, 1–7. https://doi.org/10.3389/ 
fevo.2015.00106. 

[56] Maher, E.K., O’Malley, K.N., Dollhopf, M.E., Mayer, B.K., McNamara, P.J., 2020. 
Removal of estrogenic compounds from water via energy efficient sequential 
electrocoagulation-electrooxidation. Environ Eng Sci 37 (2). https://doi.org/ 
10.1089/ees.2019.0335. 

[57] McPhillips, L.E., Matsler, A.M., 2018. Temporal evolution of green stormwater 
infrastructure strategies in three us cities. Front Built Environ 4 (May), 1–14. 
https://doi.org/10.3389/fbuil.2018.00026. 

[58] Muerdter, C.P., Wong, C.K., LeFevre, G.H., 2018. Emerging investigator series: the 
role of vegetation in bioretention for stormwater treatment in the built 
environment: pollutant removal{,} hydrologic function{,} and ancillary benefits. 
Environ Sci: Water Res Technol 4 (5), 592–612. https://doi.org/10.1039/ 
C7EW00511C. 
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