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Abstract

The synergetic effects of metal(loid)s and soil characteristics on bacterial antibiotic resistance
genes (ARGs) in green stormwater infrastructure (GSI) has been relatively understudied. Surface
soil samples from six GSIs in Southern California over three time periods were assessed for
selected ARGs, class 1 integron-integrase genes (int/1), 16S rRNA genes, and bioavailable and
total concentrations of nine metal(loid)s, to investigate the relationships among ARGs, soil
characteristics, and co-occurring metal(loid)s. Significant correlations existed among relative gene
abundances (sull, sul2, tetW, and intl1), total metal(loid)s (arsenic, copper, lead, vanadium, and
zinc), and bioavailable metal(loid) (arsenic) (r = 0.29 to 0.61, pagj < 0.05). Additionally, soil texture,
organic matter, and nutrients within GSI appeared to be significantly correlated with relative gene
abundances of sull, sul2, and tetW (r = -0.57 to 0.59, pagj < 0.05). Multiple regression models
significantly improved the estimation of ARGs in GSI when considering multiple effects of soil
characteristics and metal(loid)s (r = 0.74, pagj < 0.001) compared to correlation results. Total
arsenic was a significant (positive) correlate in all the regression models of relative gene
abundances. This work provides new insights into co-dependencies between GSI ARGs and co-
occurring metal(loid)s, indicating the need for risk assessment of metal(loid)-influenced ARG

proliferation.

Keywords: antibiotic resistance genes; antibiotic resistance; metal(loid)s; co-selection; green

stormwater infrastructure
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1. Introduction

The widespread occurrence of antibiotic resistance (AR) is a critical global threat to human
health (Martinez, 2008). Environmental pathways may play an important role in the emergence
and proliferation of AR, especially considering the potential for selective pressure in some settings
(Singer et al., 2016). While AR can originate in nature and exist at baseline levels in the
environment (Czekalski et al., 2015), anthropogenic pollutants, such as metal(loid)s, can act as
stressors and accelerate the development of AR through co-selection of genes and traits that protect
both against antibiotics and metal(loid)s (Manaia et al., 2016).

Metal(loid)s are common co-contaminants with antibiotic resistance genes (ARGs) and may
co-select for AR by several mechanisms. First, co-resistance occurs when genetic elements
conferring resistance to metal(loid)s and antibiotics are linked on the same plasmids or co-occur
on the same chromosome. When the presence of metal(loid)s confers selective pressure for
plasmid retention, ARGs co-localized on the plasmid are also selected for. Second, cross-resistance
occurs when the same mechanism used by the cell for metal(loid) resistance is also effective
against antibiotics, such as efflux pumps that remove various metal(loid)s and antibiotics from the
cell (Baker-Austin et al., 2006). Third, there can be co-regulation for co-selection, whereby a
shared regulatory response for both types of exposure can occur in response to one type of exposure,
thereby conferring resistance to the other. All three co-selection mechanisms are similar in that the
presence of a stressor may induce indirect selection for bacteria with resistance to multiple
chemically-unrelated substances (Baker-Austin et al., 2006). Co-selection of metal(loid)s is
expected to depend on the concentrations and speciation of the antibiotics and metal(loid)s in
addition to the composition of the microbial community and level of horizontal gene transfer (HGT)

(Schliiter et al., 2007). HGT is facilitated by mobile genetic elements (MGEs) and integrons, which
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can transfer genetic material to a variety of microorganisms (Schliiter et al., 2007). For example,
the class 1 integron-integrase genes (int/1) are commonly linked to genes conferring resistance to
antibiotics and metal(loid)s and serve as an indicator for anthropogenic pollution (Gillings et al.,
2015). Genetic transfer, alongside direct and indirect selection for bacteria in metal(loid)-polluted
environments, may represent a critical pathway of AR dissemination.

Correlations between metal(loid) pollution and AR proliferation have been reported widely,
including in effluents and biosolids from wastewater treatment plants (Di Cesare et al., 2016; Gao
et al., 2012; Jang et al., 2018; Mao et al., 2015), agricultural soils affected by land application of
biosolids or manure waste (Chee-Sanford et al., 2009; Ji et al., 2012), feedlots (He et al., 2016),
water bodies impacted by waste discharges (Graham et al., 2011), and metal-spiked experiments
in microcosms (Knapp et al., 2011; Stepanauskas et al., 2006; Q. Wang et al., 2020) and in
agricultural fields (Hu et al., 2017). In all cases, AR appears to have increased due to metal(loid)
co-selection. However, even though urban stormwater and associated surface runoff are known
AR reservoirs (Dorsey et al., 2013; Garner et al., 2017) and contain metal(loid) pollutants (Li et
al., 2012), green stormwater infrastructure (GSI), such as the stormwater biofilters studied here,
has not been evaluated as a compartment for potential AR proliferation.

GSI in general, and stormwater biofilters in particular, are designed to capture and treat
stormwater runoff as close as possible to where the rain drains. In addition to their primary goal
of reducing stormwater flows to streams and lakes, these systems have many additional ecosystem
service “co-benefits”, including pollutant removal, promoting nutrient cycling (e.g. carbon
sequestration, and denitrification), and potentially fostering habitat protection (Askarizadeh et al.,
2015; Grant et al., 2013, 2012), and reducing flood risk (Sanders and Grant, 2020). In densely

populated Southern California, runoff from both wet and dry weather is a major source of pollution
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that significantly impacts the regional water quality and poses risks to local health and safety (Ahn
et al., 2005; Ambrose and Winfrey, 2015). Urban stormwater runoff has been commonly reported
to harbor pathogens and their indicators (Dorsey et al., 2013; Garner et al., 2017; Sidhu et al.,
2012). However, although GSI is known to remove contaminants, such as total suspended solids,
particulate-associated nutrients (e.g., phosphorous), metal(loid)s, and nitrogen (Blecken et al.,
2009) as well as fecal indicator bacteria and human pathogens (Parker et al., 2017; Peng et al.,
2016), no studies to our knowledge have assessed their influence on ARGs.

Fecal contaminants in stormwater associated with rainfall events are frequently observed to
carry elevated levels of antibiotic resistant bacteria (ARB) and antibiotics (Karkman et al., 2019;
Powers et al., 2020). Similarly, metal(loid) concentrations tend to be higher during storm events
(Li et al., 2012). While antibiotics generally degrade with time in the environment (Cycon et al.,
2019), metal(loid)s are relatively more persistent, although their toxicity can vary depending on
oxidation state and complexation with introduced or naturally present organic materials (Hung et
al., 2018). In this paper, we hypothesize that, after their initial introduction to GSI media, ARG
levels increase due to HGT and co-selective pressure driven by sequestered metal(loid)s,
depending on the metal(loid)s’ bioavailability and speciation (Isaac Najera et al., 2005). To test
this hypothesis we collected field samples and: (1) determined the co-occurrence of ARGs, intl1
genes, bioavailable metal(loid)s, and total metal(loid)s within GSI soils; (2) examined other factors
that potentially contribute to AR, including geochemical conditions, temporal effects, and AR
management strategies of GSI soils; (3) performed correlation analysis to investigate the meta(loid)
co-selective effects on ARGs within GSI soils; and (4) established multiple linear regression

models between gene abundance and a combination of metal(loid) concentrations and soil



112 characteristics in GSI soils. Such models can further delineate the levels of ARGs and their risk of

113 co-selection by metal(loid)s, providing useful insights for developing and managing urban GSI.
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2. Material and methods
2.1. Study area and sample collection

This study took place in Southern California, which is characterized by semi-arid and
Mediterranean climates that receive most annual rainfall during winter months (December — March)
(National Oceanic and Atmospheric Administration, 2019). Two GSI sites were sampled on each
of three University of California campuses (Santa Barbara (UCSB), Irvine (UCI), and San Diego
(UCSD)) for a total of six GSI sites (UCSB: Manzanita (MZ) and Sierra Madre (SM); UCI: Culver
(CUL) and Verano (VER); UCSD: Altman Clinical and Translational Research Institute (ACT)
and Sanford (SAN)). This study took advantage of precipitation being concentrated over the winter
months to look at potential changes of ARGs and co-occurring metal(loid)s from the beginning to
the end of the wet season. All sites were sampled in the driest part of the year (Fall:
October/November 2018), then during the wet season (Winter: February/March 2019), and after
the wet season (Spring: April 2019). This study is part of a multi-campus program focused on
combating drought by capturing and repurposing stormwater runoff (Pierce et al., 2021; UC Office
of the President, 2016).

GSI sites were comprised of both bioswales and biofilters. The land uses surrounding the GSI
sites were generally representative of those found across the regional urban landscape (Figure 1
and Table 1). Site size and drainage areas were variable, ranging from 103 to 1,330 m? and from
642 to 31,883 m?, respectively (Figure 1 and Table 1). At each site, soil was exposed by removing
aboveground plant materials, rocks, and mulch, and then three soil cores were collected and
combined into a composite soil sample of surface soils (0 — 10 cm), using a cylindrical stainless-
steel coring cup (5.08 cm diameter x 10 cm length) attached to a slide hammer. The coring cup

was fitted with a clean PVC liner, which was replaced between samples. Four soil samples were
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collected in this manner at each site, evenly spaced out over the entire dimension of the GSI sites
being sampled. Across three time points (Figure S1), a total of seventy-two soil samples were
collected. Soil cores were composited in a clean resealable plastic bag after wet-sieving through a
brass 2-mm mesh (No. 10) (Advantage Manufacturing, Inc., New Berlin, WI). Sieved soils were
subsampled and distributed into separate sterile 15mL Falcon tubes using a sterile scoopula. The
Falcon tubes were transported in coolers (4°C) to different laboratories within 6 h for soil

characterization, metal(loid) analysis, and ARG analysis.
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Figure 1. Land-use types near the six GSI sites sampled in this study, including MZ, SM, CUL,
VER, ACT, and SAN at UCSB, UCI, and UCSD, respectively. Dashed areas represent the
approximate drainage areas respective to their GSI. Abbreviation: UCSB, University of
California, Santa Barbara; UCI, University of California, Irvine; UCSD, University of California,
San Diego; MZ, Manzanita; SM, Sierra Madre; CUL, Culver; VER, Verano; ACT, Altman
Clinical and Translational Research Institute; SAN, Sanford.
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Table 1. Site characteristics of Green Stormwater Infrastructure (GSI) distributed in three UC campuses.

MZ SM CUL VER ACT SAN

Campus UCSB UCSB UCI UCI UCSD UCSD
Latitude (N) 34.40916 34.42022 33.64976 33.64571 32.87919 32.88841
Longitude (W) 119.85233 119.87016 117.82472 117.82965 117.22709 117.24468
GSI area (m?) 363 142 1,330 146 1,024 103
GSI type Bioswale Biofilter Bioswale Bioswale Biofilter Biofilter

Residential Building, Parking lot Parking lot Parking lot driveway, School facility Parking lot
Sources of runoff landscape (lawns), driveway and driveway and parking space, and (AC condensate) driveway, parking

and walkway parking space parking space undeveloped land and walkway space, and landscape
éml.’emo“s ) 3,978 4,104 31,883 6,405 6,170 642
rainage area (m-)

Year built 2001 2015 2007 2012 2016 2011
Type of irrigation RW RW RW PW PW RW
water
Application of
soil amendments No Yes Yes Yes Yes Yes

(or fertilizers)

152  Abbreviations: MZ, Manzanita; SM, Sierra Madre; CUL, Culver; VER, Verano; ACT, Altman Clinical and Translational Research
153  Institute; SAN, Sanford; NTS, Natural Treatment System; RW, Reclaimed Water; PW, Potable Water.
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2.2. DNA extraction and quantitative Polymerase Chain Reaction (qPCR) of ARGs

For ARG analysis, subsamples were shipped (4°C) to the laboratory at University of
California, Los Angeles. Three wet-sieved soil subsamples of 0.25 £+ .01 g from each Falcon tube
were measured into sterile 2 mL screwcap tubes preloaded with garnet beads and bead solutions
(Qiagen, Valencia, CA, USA). Screwcap tubes were stored (-20°C) until DNA extraction. DNA
was extracted from archived and thawed GSI soil samples using DNeasy PowerSoil Kits (Qiagen,
Valencia, CA, USA) following the manufacturer’s instructions. The final DNA extracts were
stored at -20°C for quantitative Polymerase Chain Reaction (qPCR). The purity and quantity of
total DNA extracts were determined using UV absorption by a Nanodrop 2000c¢ spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). DNA extracts were considered as relatively free
of contamination from reagents used during extraction as the A260/280 ratio was above 1.8 per
the instrument manual.

DNA extracts were analyzed in triplicate for ARGs (sull, sul2, tetA, tetW, and ermF), intl1
genes, and 16S rRNA genes (a proxy for total cells). These ARGs were chosen as representatives
of resistance mechanisms to sulfonamides, tetracycline, and macrolides, respectively, due to the
frequent occurrence in garden products (Cira et al., 2021). Each qPCR reaction was conducted in
96-well reaction plates using StepOne Plus qPCR system (Applied Biosystems, Foster City, CA,
USA) with a final reaction volume of 25 pL, containing 1.25 pL of each primer, 12.5 YL of
PowerUp SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA), 2 UL of soil
DNA extracts (approximately 5-100 ng DNA), and 10 pL of molecular-grade water (Thermo
Fisher Scientific, Waltham, MA, USA). Primer concentrations (Table S1) and thermocycling
conditions (Table S2) were optimized as described previously (Echeverria-Palencia et al., 2017).

DNA standards were designed using sequences from the National Center for Biotechnology

12
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Information (NCBI) database and obtained through Integrated DNA Technologies (IDT)
(Coralville, IA, USA). Standard curves of the designed DNA fragments were analyzed in triplicate
in addition to GSI soil extracts, with the correlation coefficients and amplification efficiencies of
the standard curves ranging from 0.991 to 1 and from 86% to 100%, respectively (Table S2). No-
template controls (molecular-grade water) were included with each qPCR assay to test false-
positive results. The limit of the detection (LOD) for each selected gene (Table S3) were
determined following MIQE guidelines (Bustin et al., 2009). Furthermore, soil DNA extracts were
spiked with known concentrations (10° copies/UL) of targeted DNA standards to examine
inhibition effects (Echeverria-Palencia et al., 2017). The specificity of amplified DNA products

was further confirmed by melt-curve analysis (Figure S2).

13



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

2.3. Determination of bioavailable and total metal(loid) content

Subsamples were shipped (4°C) to the University of California-Riverside Water Technology
Center laboratory for metal(loid) analysis. Sequential extractions and total acid digestions were
conducted using the methods reported by Tessier et al. (1979) and United States Environmental
Protection Agency (USEPA) (USEPA, 3050B) (U.S. Environmental Protection Agency, 1996),
respectively, to determine the bioavailable (soluble and exchangeable) and total metal(loid)
fractions in the soil samples. Briefly, oven-dried soil samples (50°C overnight) were extracted
using 1 M MgCl at an initial pH 7.0 (25 mL) and shaken at 250 rpm for 2 h at ambient temperature.
Solids separated from the supernatants were air-dried for acid digestion. Dried solids were digested
on the DigiPrep digestion block (95°C for approximately 3 h in total) using a combination of
concentrated nitric acid ([HNOs], 68%—70% (v/v)) and hydrogen peroxide ([H202], 30% (v/v))
and diluted to 25 mL with deionized water. Digested samples were diluted to 50 mL with a solution
containing 6.8%—7% (v/v) HNOs3, and 0.9% (v/v) H2O». All chemicals were analytical grade or of
ultra-high purity (Thermo Fisher Scientific, Waltham, MA, USA), and glassware was acid-washed
(1.2 N HC]) and rinsed (deionized water) before use. The concentrations of nine metal(loid)s,
including arsenic (As), chromium (Cr), cadmium (Cd), copper (Cu), nickel (Ni), lead (Pb),
selenium (Se), vanadium (V), and zinc (Zn), in each extract were analyzed in triplicate with
inductively coupled plasma-mass spectrometry ([ICP-MS], 7700 Series, Agilent Technologies,
Santa Clara, CA, USA). Total metal(loid)s were calculated by adding bioavailable and acid-
digested fractions described above. Internal standard (Ge and Sc), method blanks, and samples
with known concentrations were used as quality control measures to assess and correct drifts

during the analysis.
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2.4. Soil characterization
The prepared soil characterization subsamples were shipped (4°C) to the Analytical
Laboratory at University of California, Davis for determination of soil texture, bulk density, cation
exchange capacity (CEC), and total nitrogen and total carbon (total N and total C, respectively)
using standard methods (Association of Official Analytical Chemists (AOAC), 1997; Rible and
Quick, 1960; Sheldrick and Wang, 1993). Gravimetric soil moisture and soil organic matter (SOM)
were determined in triplicate by sequential loss on ignition (LOI) at 105°C for 24 h and at 550°C
for 4 h, respectively (Gardner, 1986; Nelson and Sommers, 1996). The pH was measured with a
pH meter (Oakton Ion 700 benchtop meter, Cole Parmer, Vernon Hills, IL) following the transfer
of 10 g of soil into 10 g of deionized water and allowing the mixture to settle for 10 minutes.
Additional soil characterization subsamples were transported (4°C) to the UCSB Marine
Science Institute Analytical Lab for determination of inorganic nutrients. Soil samples (3 g) were
extracted with 30 mL of 2 M KCI solution (Mulvaney, 1996), filtered through Whatman filtration
papers (ashless, grade 42, 42.5 pm diameter, Sigma-Aldrich, St. Louis, MO), and analyzed for
dissolved nitrate and phosphate using QuikChem8500 Series 2 Flow Injection Analysis system

(Lachat Instruments, Milwaukee, WI).
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2.5. Statistical analysis and geographic information systems (GIS)

Maps of GSI locations and surrounding land uses across three UC campuses (Figure 1) were
prepared with ArcMap Version 10.7 (ESRI, Redlands, CA, USA). Most statistical analysis and
graphical outputs were performed in R software version 1.4.1 (RStudio Team, 2020). In particular,
correlation matrices were performed using the “Hmisc” and “corrplot” packages. Whisker box
plots and scatter plots were generated with “ggplot2”, “gridExtra”, and “ggpubr” packages.
Statistical comparisons of ARG levels among soil types were performed using the Kruskal-Wallis
test followed by Mann-Whitney U-test for multiple comparisons. Pearson’s correlation was used
to identify correlations among selected ARGs, metal(loid) concentrations, and soil characteristics.
The p-values were adjusted according to Benjamini—-Hochberg method in consideration of false
discovery rate (Benjamini and Hochberg, 1995). Log-transformed values were used for Pearson
correlation analysis since our data were mostly not normally distributed as tested by the
Kolmogorov-Smirnov method (p < 0.05). Significance was assessed at p < 0.05.

Hierarchical cluster analysis (HCA) was performed to identify similarities between total
metal(loid)s and bioavailable metal(loid)s using SPSS Version 23 (IBM, Armonk, NY, USA). The
distance method and linkage type were based on the Euclidean distance and Ward method,
respectively. Although HCA does not require data normality, both total and bioavailable
metal(loid)s were log-transformed to yield a more symmetric distribution prior to performing HCA
(Templ et al., 2008). Lastly, stepwise multiple linear regression (MLS) was carried out to reveal
relationships between relative ARG abundances and environmental factors. The variance inflation
factor (VIF) of each input variable was also examined for multicollinearity, variables with VIF
higher than three were excluded in the model (H. Wang et al., 2020). ARG abundances and

metal(loid) concentrations below the detection limit (BDL) (Table S3 and Table S4) were

16
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254 analysis.
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3. Results
3.1. Prevalence and variation of ARGs in GSI in Southern California

In this study, both relative gene abundances (normalized to 16S rRNA genes) and absolute
gene abundances (based on total mass of soil) are reported (Table S3), where the former is often
used to account for efficiencies during DNA extraction and size of the microbial community (Ji et
al., 2012). With one exception, all ARG targets were detected in one or more soil samples collected
from the three campuses (Table S3). The ermF gene was not detected in any of the soil samples.
The relative gene abundances of selected ARGs and intl1 ranged from 107 to 10* genes per 16S
rRNA gene copies (hereafter abbreviated as genes/16S), indicating that int/1 and ARGs were
represented in approximately 0.00001% to 0.01% of the total soil bacterial 16S rRNA gene
abundances.

As noted previously in the Methods, the six GSI sites were sampled from the beginning
(October/November 2018), middle (February/March 2019) and end (April 2019) of the wet season
to previde indicate both temporal and site-specific variation of abundances of four ARGs and int/1
in GSI soils. Across all six sites and all three time points: (1) MZ had the lowest average relative
gene abundances of intl1, sull, and tetW, and (2) ACT contained the highest average relative gene
abundances of intl1, sull, sul2, and tetW (Figure 2); however, no significant differences of these
genes between locations were observed (adjusted p > 0.05). The average relative gene abundances
at each site were relatively stable across the three time points with two. First, in MZ and SM, the
average relative abundances of fetA and sul2 genes varied more than an order of magnitude
difference between the middle (February/March 2019) and end (April 2019) of the wet season

(Figure 2).
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Figure 2. Temporal and spatial variation of the relative gene abundances in six GSI sites in October/November 2018, February/March
2019, and April 2019 (N =72). The top and bottom boxes represent the 25th percentile and the 75th percentile. The whiskers exclude
outliers and extend 1.5 times the interquartile range from both edges of the box. Solid lines and dashed lines are used as medians and
means, respectively. Abbreviations: UCSB, University of California, Santa Barbara; UCI, University of California, Irvine; UCSD,
University of California, San Diego; MZ, Manzanita; SM, Sierra Madre; CUL, Culver; VER, Verano, ACT, Altman Clinical and
Translational Research Institute; SAN, Sanford.
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3.2. Bioavailable and total metal(loid)s in campus GSI in Southern California

With a few exceptions of elevated total metal(loid) concentrations, most total metal(loid)
concentrations in GSI were similar to naturally occurring background levels (dry soil mass basis)
previously measured in surface soils (0—5 cm) in the United States and California (Bradford et al.,
1996; Smith et al., 2013) (Table S4) [United States: Pb (25.8 mg/kg), Cd (0.3 mg/kg), Se (0.3
mg/kg), As (6.4 mg/kg), Zn (66 mg/kg), Cu (17.9 mg/kg), Ni (17.7 mg/kg), Cr (36 mg/kg), and V
(60 mg/kg); California: Pb (23.9 mg/kg), Cd (0.36 mg/kg), Se (0.058 mg/kg), As (3.5 mg/kg), Zn
(149 mg/kg), Cu (28.7mg/kg), Ni (57 mg/kg), Cr (122 mg/kg), and V (112 mg/kg)]. Exceptions of
elevated total concentrations include Pb (40.9 mg/kg), Cd (5.09 mg/kg), Se (1.30 mg/kg), As (28.8
mg/kg), Zn (207 mg/kg), Cu (78.8 mg/kg), Cr (96.8 mg/kg), Ni (83.5 mg/kg), and V (150 mg/kg)
measured at several sites. Total As concentrations in most GSI soil samples exceeded screening
levels for As in residential areas (0.41 ppm) recommended by California Department of Toxic
Substance Control (Cal DTSC) (Cal DTSC, 2020). However, these samples had concentrations
below (Cr and Ni) the screening levels for soil metal(loid)s in residential areas recommended by
Cal DTSC (Cal DTSC, 2020) (Table S4). Bioavailable metal(loid) concentrations were between
2% and 14% of the corresponding total metal(loid) concentrations (Figure S4).

The GSI soil concentrations of total As, Cr, Cu, Ni, Se, V, and Zn were highest during the
rainy season (February/March) (Figure 3 and Figure S3). In addition, variations in GSI metal(loid)
concentrations were also observed across the six sites (Figure 3 and Figure S3). For example, while
UCSD exhibited the highest As, Pb, Se, and V concentrations in GSI soils, UCI GSI soils had the

highest Cd, Cu, Cr, Ni, and Zn concentrations.
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Figure 3. Temporal and spatial variation of four total metal(loid) concentrations, including copper (Cu), lead (Pb), cadmium (Cd), and
zinc (Zn) in six GSI sites. Time points included October/November 2018 (blue), February/March 2019 (red), and April 2019 (green).
The top and bottom boxes represent the 25th percentile and the 75th percentile. The whiskers indicate the maximum and minimum
points that extend from the 75th percentile and the 25th percentile, respectively. Solid lines and dashed lines are used as medians and
means, respectively. Abbreviations: UCSB, University of California, Santa Barbara; UCI, University of California, Irvine; UCSD,
University of California, San Diego; MZ, Manzanita; SM, Sierra Madre; CUL, Culver; VER, Verano; ACT, Altman Clinical and
Translational Research Institute; SAN, Sanford.
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3.3. Correlations between bioavailable metal(loid)s, total metal(loid)s, and ARG abundances

Absolute and relative gene abundances in GSI soils are significantly correlated with many of
the log-transformed total or bioavailable metal(loid) concentrations (Figure 4). Absolute gene
abundances of sul2 and fetA were significantly correlated with the following total metal(loid)
concentrations: As (sul2: r=0.34, adjusted p < 0.05; tetA: r =-0.49, adjusted p < 0.001), Zn (sul2:
r=0.41, adjusted p < 0.01; tetA: r = -0.45, adjusted p < 0.001), and V (sul2: r = 0.29, adjusted p
<0.05; tetA: r=-0.34, adjusted p < 0.05); and Cu (tetA: r =-0.35, adjusted p < 0.05). Additionally,
absolute gene abundances of intl1/g were significantly negatively correlated with total Cd (r = -
0.29, adjusted p < 0.05).

Relative gene abundances of sull, sul2, and tetW were correlated with total concentrations of
As (sull: r=0.52, adjusted p < 0.001; sul2: r = 0.59, adjusted p < 0.001; tetW: r = 0.61, adjusted
p <0.001), Cu (sull: r=0.29, adjusted p < 0.05; sul2: r = 0.35, adjusted p < 0.05; teftW: r =0.34,
adjusted p < 0.05), and V (sull: r=0.38 , adjusted p < 0.01; sul2: r=0.41, adjusted p < 0.01; rerW:
r=0.45, adjusted p < 0.001). Gene abundances of su/1/16S and sul2/16S were also correlated with
total Pb (r = 0.29, adjusted p < 0.05) and Zn (r = 0.40, adjusted p < 0.01), respectively.

However, absolute and relative gene abundances in GSI soils are only correlated with a few
bioavailable metal(loid)s. Relative gene abundances of sull, sul2, and tetW were significantly
positively correlated with bioavailable concentrations of As (su/l: r=0.33, adjusted p < 0.05; sul2:
r=0.29, adjusted p < 0.05; tetW: r = 0.36, adjusted p < 0.01). Absolute gene abundances of sul2
were negatively and significantly correlated with bioavailable Cr concentrations (r = -0.36,
adjusted p < 0.01).

Total metal(oid)s clustered into three major groups as shown in HCA (Figure 5a): (1) Cu, Cer,

Ni, V, Zn, and As; (2) Pb; (3) Se and Cd. In parallel, bioavailable metal(loid)s revealed different
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339  clustering patterns: (1) Cu, Cr, Pb, and Ni; (2) Cd, Se, and Zn; (3) As and V (Figure 5b).
340  Metal(oid)s including Zn, Cu, Cr, and Ni serve as micronutrients in various physiological functions

341  of biological cells.
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344 Figure 4. Pearson’s correlation coefficients among log-transformed ARGs, a mobile genetic

345 element (int/1), bioavailable metal(loid)s, and total metal(loid)s (positive = blue, negative = red,
346 X =not significant). Correlations significant at p < 0.001, p < 0.01, and p < 0.05 are marked with
347 xRk and *, respectively.
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a Dendrogram using Ward Linkage b Dendrogram using Ward Linkage
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349 Figure 5. Dendrogram of hierarchical cluster analysis (HCA) for (a) total metal(loid)s and (b)
350 bioavailable metal(loid)s quantified in soils across six GSI sites. The horizontal axis of the
351  dendrogram represents the distance or dissimilarity between clusters. The vertical axis represents
352 the objects and clusters. The distance between two clusters has been computed based on the
353 length of the straight line drawn from one cluster to another.
354
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3.4. Soil characteristics of campus GSI

GSI soil samples classified predominantly as sand, and to a lesser extent loamy sand or sandy
clay loam (Figure S5). Soil pH values ranged from slightly acidic (6.59) in the dry season to
strongly alkaline (9.05) in the post-wet season and exhibited some seasonality in MZ, VER, ACT,
and SAN (U.S. Department of Agriculture, 1998) (Figure S6). Soil moisture and SOM ranged
from 5.77% to 39.5% and from 1.22% to 15.5%, respectively (Table S5) and were relatively stable
across three time points (Figure S6).

Based on absolute abundances (normalized to grams of soil), many genes were significantly
and positively correlated with GSI soil characteristics (clay content, SOM, soil moisture, and total
C), including intl1 (clay: r = 0.44, adjusted p < 0.001; SOM: r = 0.38, adjusted p < 0.01; total C:
r=0.36, adjusted p < 0.01) and zetA (clay: r = 0.43, adjusted p < 0.001; SOM: r = 0.45, adjusted
p <0.001; total C: r=0.30, adjusted p < 0.05) (Figure S7). Absolute gene abundances of sull were
positively correlated with clay content (r = 0.32, adjusted p < 0.05), SOM (r = 0.29, adjusted p <
0.05), PO4 (r = 0.39, adjusted p < 0.01). Significant and negative correlations were also evident
between sull/g and silt, sul2/g and silt, sul2/g and clay, and tetA/g and sand.

While most significant correlations between absolute gene abundances and soil
characteristics are positive, most significant correlations between relative gene abundances and
soil characteristics are negative. Relative gene abundances of both su/2 and tetW were significantly
negatively correlated with silt content (sul2: r = -0.44, adjusted p < 0.001; tetrW: r =-0.37, adjusted
p <0.01), clay content (sul2: r =-0.41, adjusted p < 0.01; retW: r =-0.31, adjusted p < 0.05), SOM
(sul2: r =-0.57, adjusted p < 0.001; tetW: r = -0.57, adjusted p < 0.001), total C (sul2: r =-0.47,
adjusted p < 0.001; tetW: r = -0.53, adjusted p < 0.001), and NO3-N (sul2: r = -0.28, adjusted p <

0.05; tetW: r = -0.29, adjusted p < 0.05). Relative gene abundances of su/l were also significantly
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negatively correlated with silt content (r = -0.57, adjusted p < 0.001) and SOM (r = -0.33, adjusted
p < 0.05). Significant positive correlations between relative gene abundances and some soil
characteristics were also evident, including, sand content and su/1/16S, sand content and su/2/16S,
sand content and retW/16S, pH and intI1/16S, and PO4 and int/1/16S.

Significant correlations were also found between bioavailable metal(loid) concentrations and
soil characteristics in collected GSI samples (Figure S8). Levels of CEC, Total C, Total N, and
PO, were significantly negatively correlated with bioavailable concentrations of As (r =-0.30 to -
0.38, adjusted p <0.05) and Cu (r =-0.37 to -0.58, adjusted p < 0.01). In contrast, levels of CEC,
Total C, Total N, and POs were significantly positively correlated with bioavailable concentrations
of Ni (r =0.34t0 0.76, adjusted p <0.01). In addition, bulk densities of GSI were significantly
with bioavailable concentrations of Se (r =-0.31, adjusted p <0.05), As (r =-0.48, adjusted p
< 0.001), Cu (r = 0.44, adjusted p < 0.001), Ni (r = 0.56, adjusted p < 0.001), Cr (r = 0.31, adjusted

p <0.05), and V (r = —0.42, adjusted p < 0.001).
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3.5. The influence of soil characteristics and metal(loid)s on AR

MLS was performed to determine the soil characteristics and metal(loid) concentrations most
predictive of ARG and int/1 abundances in GSI. We used stepwise regression analysis to generate
regression equations for both absolute and relative gene abundances (Table 2). From the resulting
models we can infer that: (1) gene abundance in GSI soils is correlated with various subsets of soil
properties and total metal(loid)s, but not with bioavailable metal(loid)s; (2) MLS models for
relative gene abundances are all positively correlated with total As; and (3) with the exception
intl1/g, all models of absolute gene abundances are correlated with soil texture. Most of the MLS
models explain about 50% of the variance in absolute and relative gene abundances. The exception
is the MLS models for tetA/g and sul2/16S, which explained 13% and 29% of the variance in gene
abundances, respectively.

The scatter plots between the observed and the predicted values of gene abundances were
used to verify the MLS results (Figure 6). Several significant relationships were found in intl1/g
(r =0.65, adjusted p < 0.001), sull/g (r = 0.40, adjusted p < 0.01), sul2/g (r = 0.74, adjusted p <
0.001), intI1/16S (r = 0.41, adjusted p < 0.001), tetA/16S (r = 0.47, adjusted p < 0.001), and
sul2/16S (r = 0.63, adjusted p < 0.001). Overall, MLS models provided significant improvement

for estimating most relative and absolute abundances of ARGs and int/1 genes in GSI soils.
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412  Table 2. Summary of multiple linear regression with a linear combination of bioavailable and total metal(loid) concentrations and soil
413 characteristics. A stepwise method was adopted. All variables were log-transformed to ensure better normal distribution prior to MLS

414 analysis.

Element Equation R? R%q4j  p-value

intll/g Logio(intI1/g) = 1.187 + 0.979 Logio(PO4-P) + 1.321 Logio(Moisture) + 0.440 Logio(Tot Cr) 0.623  0.597 0.004
sulllg Logio(sull/g) = 3.346 + 0.301 Logio(PO4-P) + 0.257 Logio(Tot Cu) — 1.253 Logio(Silt) +

1.656 Logio(Clay) + 0.457 Logio(NH4-N)
sul2/g Logio(sul2/g) = 35.584 — 0.130 Logio(Tot Zn) — 14.576 Logio(Sand) — 2.546 Logio(Silt) —

1.943 Logio(Clay) 0.580  0.541 0.043
tetA /g Logio(tetA/g) = 2.981 + 0.450 Logio(Clay) 0.148 0.129 0.007
tetW /g Logio(tetW/g) = -21.849 + 12.037 Logio(Sand) + 0.104 Logio(Tot Zn) + 1.872 Logio(CEC)

+ 1.656 Logio(Silt)
intI1/16S  Logio(intI1/16S) = -21.6565 + 1.182 Logio(Moisture) + 0.922 Logio(Tot As) + 2.463

Logio(Clay) —0.272 Logio(Total Cd) + 5.589 Logio(Sand)
sull/16S  Logio(sull/16S) = -22.372 + 0.820 Logio(Tot As) + 3.833 Logio(Clay) + 8.663 Logio(Sand)

—0.132 Logio(Tot Cd)
sul2/16S  Logio(sul2/16S) = —6.556 — 0.266 Logio(Tot Zn) + 0.753 Logio(Tot As) + 1.047

0.613 0.567 0.01

0.548  0.506 0.012

0.744  0.707 0.046

0.775  0.749 0.031

0.335 0.289 0.027
Logio(Moisture)

tetA/16S  Logio(tetA/16S) = —7.737 — 0.919 Logio(Tot N) + 0.377 Logio(Tot As) + 1.186 Logio(Clay) 0.657 0.633 0.002
tetW/16S Logio(tetW/16S) = —13.554 + 4.526 Logio(Sand) + 1.145 Logio(Tot As) — 0.254 Logio(Tot
Se) + 0.606 Logio(NH4-N)

0.696 0.668 0.024

415  Abbreviation: R?, coefficient of determination; R?.qj, adjusted coefficient of determination.
416
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418 Figure 6. Pearson coefficients (r) between observed and predicted values of absolute and relative abundances of sull, sul2, tetA, tetW,
419  and intll1 genes based on multiple linear regression (MLS) models in GSI soils across three UC campuses (N = 72). Abbreviation: padgj,
420 Adjusted p value.
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4. Discussion
4.1. Prevalence of ARGs in GSI soils

ARGs were frequently detected in GSI soil samples analyzed here. To place these results in
context, we compared the relative su/l and int/1 gene abundances measured in GSI soil samples
to soils previously measured in wastewater treatment plant biosolids (Hung, 2020), Los Angeles
park soils (Echeverria-Palencia et al., 2017), commercially available manure fertilizers, and native
soils from nearby hiking trails (Cira et al., 2021) (Figure 7). Methods for sample collection, DNA
extraction, and gene quantification were the same as described previously. These comparisons
indicate (Figure 7): (1) relative gene abundances of sull and intI1 in GSI soils are higher in GSI
soils compared to native soils collected from the Santa Monica Mountains near Los Angeles (Cira
et al., 2021); (2) relative gene abundances of sull are lower in GSI soils compared to biosolids
(Hung, 2020), commercially available manure fertilizers (Cira et al., 2021), and Los Angeles park
soils (Echeverria-Palencia et al., 2017); and (3) relative gene abundances of int/1 in GSI soil also
exhibit a similar pattern to relative gene abundances of sull (excluding San Diego park soils for
which intl1 gene abundance measurements were not available) (Figure 7).

GSI management may play a critical role in soil ARG abundances. Soil amendments and
reclaimed water, both of which are reservoirs for ARGs (Cira et al., 2021; Fahrenfeld et al., 2013;
Mao et al., 2014), are frequently used for fertilizing and irrigating GSI (Rottle, 2018, 2013). In the
present study, MZ, SM, CUL, and SAN were irrigated with reclaimed water while VER and ACT
were irrigated with potable water (Table 1). Among all GSI elements included in our study, MZ
was the only site that did not receive soil amendments; interestingly, this GSI element also had
relatively low relative ARG abundances (Figure 2). On the other hand, of all GSI soils we sampled,

relative sull, sul2, tetW, and intI1 gene abundances were the highest at ACT. This particular site
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444  isnotable in that it was the only GSI element that we sampled that was irrigated with condensation
445  drainage from building air conditioners. The composition of GSI vegetation, site ages, total areas,
446  and their respective impervious drainage areas are also likely to affect the ARG levels in GSI soils.

447  (Zhou et al., 2021).

448
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4.2. Metal(loid)s in GSI

Metal(loid)s are often present at high concentrations in stormwater runoff (Li et al., 2012),
and consequently can accumulate in GSI soils (Chen et al., 2005). Relatively little research has
been devoted to investigating seasonal variations in metal(loid)s and their co-selective effects on
AR in urban GSI. Relatively high total concentrations of As, Cr, Cu, Ni, Se, V, and Zn during the
rainy season (February/March) (Figure 3 and Figure S3) observed in this study are generally
consistent with previously published findings that, with the exception of Pb, wet weather events
in Southern California tend to carry higher metal(loid) concentrations (Lee et al., 2004). A possible
explanation for the different seasonal pattern of Pb is that Pb compounds are mainly particulate-
bound while other metal(loid)s are mainly in dissolved forms in stormwater runoff (Sansalone and
Buchberger, 1997). Importantly, in our study both spatial and temporal variability in metal(loid)
concentrations are strongly associated with variations in absolute and relative gene abundances

(see MLS models in Table 2), consistent with our metal(loid) co-selection hypothesis.

35



470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

Indeed, many recent studies have shown significantly positive correlations between ARGs
and total metal(loid)s in soils collected from diverse environments, including (Table 3): (1) the
relative gene abundance of tetW was correlated with total Cu concentrations in archived soils from
the 1940s to the 1970s (Knapp et al., 2011); (2) relative gene abundances of sull and sul2 were
correlated with total Cu concentrations in Chinese agricultural soils and manure (Cui et al., 2016;
Zhang et al., 2018). However, relative gene abundances of fetW demonstrated no significant
correlations with total concentrations of Zn, As, Cu in animal manure and agricultural soils.
Absolute gene abundances of retA were negatively correlated with the several total metal(loid)
concentrations. Such variations in correlation results may reflect that relationships vary depending
on whether sampled environments are moderately versus highly polluted. Tetracycline resistance
genes were more prevalent and frequently detected in animal manure and agricultural soils than in
GSI soils (Ji et al., 2012). Although correlations do not necessarily represent causation, taken
together these findings suggest that trace levels of metal(loid)s exert selective pressure on the
emergence of ARGs across a range of natural and urban environments.

Unlike total metal(loid)s, limited studies have reported the correlations between bioavailable
metal(loid)s (Table 3). A similar study indicated that bioavailable As was correlated with relative
gene abundances of sull and tertW within chicken manure, but their correlation coefficients were
higher than our correlation results (Cui et al., 2016). Bioavailable metal(loid)s, rather than total
metal(loid)s, may play a more important role for microbial communities since they may be able to
penetrate cytoplasmic membranes and trigger metal resistance (Roosa et al., 2014). Bioavailability
of metal(loid)s depend on multiple factors, such as the origin and nature of metal(loid)s, soil

physico-chemical processes, and soil microbial taxa (Olaniran et al., 2013). In the present study,
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the bioavailable fraction of metal(loid)s in GSI appeared to be low, potentially contributing to
limited co-selective effects on ARGs.

Correlation results also suggested that metal(loid)s are more likely to influence ARGs as
groups than as individual metal(loid)s in complex soil environments, since many of them are co-
occurring. In this study, many strong and positive correlations were found among all total
metal(loid)s except for Pb—Se, Pb—Ni, and Pb—Cr, all of which showed negative relationships (Pb—
Se: r =-0.34, adjusted p < 0.05; Pb—Ni: r = -0.48, adjusted p < 0.001; Pb—Cr: r = -0.41, adjusted p
< 0.01) (Figure 4). Further, the HCA results (Figure 5) suggested that metal(oid)s including Zn,
Cu, Cr, and Ni serve as micronutrients in various physiological functions of biological cells.
Further, metal(loid)s are not equally toxic to bacteria. The three outliers, Pb, Se and Cd clustered
in rather far away at much higher distance (Figure 5), supporting previous hypothesis about their
significantly reduced relevance as microelements (Seiler and Berendonk, 2012). Overall, as per
this study, soil environments with lower metal(loid) concentrations, for example, GSI, may exhibit
co-occurring patterns of total metal(loid) loading that can simultaneously trigger co-selection of
AR.

To assess the risk of metal(loid) co-selection on AR, the concept of minimum co-selective
concentrations (MCC) was previously adopted and evaluated for many environmental
compartments by Seiler and Berendonk (2012) and Arya et al. (2021). More specifically, minimum
metal(loid)s concentrations associated with increased ARG abundances were defined as MCC.
Since metal(loid) concentrations varied greatly in the environments, metal(loid)s exceeding their
MCC:s in their respective environments may be co-selective for ARGs. Currently, there are only a
few studies reporting MCC datasets in soil environments (Arya et al., 2021; Seiler and Berendonk,

2012), with no MCC datasets considering GSI settings studied here. Therefore, the assessment of
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metal(loid) co-selective effects on AR in GSI soils is limited. Several minimum metal(loid)
measurements (Cu, Pb, and Zn) within GSI soils herein were lower than reported MCCs (Cu: 11.5
mg/kg and Zn: 42.5 mg/kg) (Seiler and Berendonk, 2012) or (Cu: 1.6 mg/L, Pb: 21.5 mg/L, and
Zn: 5.5 mg/L) (Arya et al., 2021) in other soil environments, yet they were still correlated with the
sull/168S, sul2/16S, and tetW/16S , respectively. Other metal(loid)s, such as Se, Ni, and Cr, within
the GSI soils herein were also lower compared to MCCs in other soil environments and may be
within the range of no co-selection effects. In sum, soil environments with relatively low
concentrations of metal(loid)s, particularly in GSI soils, are still likely to facilitate co-selection of
AR. Multiple effects of metal(loid)s may need to be considered given that inter-correlations
between metal(loid)s were high. For microbial risk assessment purposes as related to AR, GSI

soils data herein suggest that metal(loid) concentrations should also receive attention.
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526 Table 3. Significant correlations between ARGs (and intl1 genes) and metal(loid)s in soils reported in previous studies (Cui et al.,

527 2016; He et al., 2014; Ji et al., 2012; Knapp et al., 2017, 2011; Zhang et al., 2018). Bordered genes indicate correlations are
528 overlapping with the present study. Negative signs indicate negative correlations.
List of ARGs significantly correlated with the element
Element Absolute gene abundances (per gram) Relative gene abundances (per 16S rRNA)
Ct. Type Ct. Type

Total metal(loid)s

Aluminum (Al) 6 blaTEM, blao)(A, tetM, tetW, sul2, sul3 1 blatem

Arsenic (As) 1 blasiry 1 fel;lSHV, tetBP, fexA, fexB, cfr, , , tetH, tetO, tetQ,

Cadmium (Cd) 1 blaoxa 0

Chromium (Cr) 1 tetT 5 blacrx, blaoxa, tetM, tetQ, tetS

Cobalt (Co) 0 1 tetM

tetM, [tetW|, blaoxa, ermB, ermF, sulA, sul3, tetA, tetB, tetQ,

Copper (Cu) 5 blatem, blaoxa, tetM, tetT, dfrA12(-) 20 e , off fexA. fexB. cfr. intll, tetO, tetS

Mercury (Hg) 1 tet2 2 ter2 (-), sulA

Manganese (Mn) 8 blaten, blacrx, blaoxa, tet4, tetM, 9 blatew, ter2 (-), fexA, fexB, cfr, sull, tetO, tetS, tetW

tetW, sull, sul2 ’ ’ ’ * ’ ’ ’

Nickel (Ni) 3 blatem, blaoxa, tetT 3 blasuv, tet2 (-), tetW

Lead (Pb) 4 blaoxa, ter2 (-), dfrA12 (-), ermATR 3 blartewm, blaoxa, tet2 (-)

Selenium (Se) 0 1 tet3

Strontium (Sr) 0 10 fexA, fexB, cfr, sull, intl1, tetO, tetQ, tetS, tetW, tetT

Uranium (U) 2 blaTEM, blaCTx 3 blaTEM, blaCTx, blaSHv

Vanadium (V) 8 felf\;,]iMs’u[;llflblaOXA’ tet2 (-), tetd, 1 ter2 (-)

Zinc (Zn) 4 blarem, blaoxa, tetT, tetW 11 sulA, sul3, tetL, , tetQ, sull, , fexA, fexB, cfr, intll

Bioavailable metal(loid)s

Arsenic (As) 0 8  tetA, tetl, tetM, , tetQ, , cfr, fexA

Copper (Cu) 0 2 tetA, floR

Iron (Fe) 0 1 tetM

Zinc (Zn) 0 10 intIl, tetB, tetM, tetQ, tetX, sull, sul2, cfr, cmIA, floR
529  Abbreviation: Ct: Count.
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4.3. Soil characteristics of campus GSI in Southern California

In the present study, correlation analysis indicated many significant correlations among
ARGs, metal(loid)s, and soil characteristics, such as soil texture and amount of nutrients, which
were in accordance with previous studies. Previous investigation in Antarctic soils indicated soil
texture influenced the relative abundance of ARGs (Wang et al., 2016). Moreover, two studies
conducted in surface sediment near mariculture in Donying and in the Dongjiang River basin in
China indicated that nutrients explained certain variation in ARGs, with some ARGs showing
association with total organic carbon and total N (Su et al., 2014; Zhao et al., 2017). Agricultural
soils frequently irrigated with wastewater in Mezquital Valley, Mexico, over a period of 100 years
also showed significant correlations between ARG abundances and phosphorus concentrations,
but no significant correlations between soil pH and ARGs (Jechalke et al., 2015).

Most significant correlations between absolute ARG abundances and soil characteristics were
positive. One possibility is that bioavailable metal(loid)s in soils were mainly mediated affected
by soil characteristics, such as the clay content and SOM (Violante et al., 2010). Similarly, soil
characteristics herein appeared to affect bioavailable metal(loid)s (Figure S8). The increased
concentrations of bioavailable metal(loid)s are likely to increase metal(loid) selection pressure on
ARGs. Meanwhile, this work also suggested the clay content, SOM, total C, and total N were
highly linked with 16S rRNA genes. Due to the co-linearity of 16S rRNA genes, most correlation
results herein between relative ARG abundances and soil characteristics became negative. In sum,
our results provided evidence that ARG abundances are related to soil characteristics in GSI. In
addition to metal(loid)s, factors such as soil physico-chemical properties were shown to indirectly

drive the selection of AR.
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4.4. Multiple linear regression models

To comprehensively examine the multiple effects of soil characteristics, bioavailable
metal(loid)s, and total metal(loid)s on gene abundances in GSI, MLS results were performed and
indicated many significant relationships. Our MLS model in predicting sul2/16S supported
previous MLS model results in residential soils in Western Australia (Knapp et al., 2017). However,
our MLS models had no significant improvement of predicting both relative and absolute gene
abundances of and su/l and tetW, suggesting other factors impacting gene abundances. In fact,
relative abundances of the int/1 gene have been suggested as a good indicator of anthropogenic
pollution and are commonly linked to genes conferring resistance to antibiotics and metal(loid)s
(Gillings et al., 2015). In the present study, the relative gene abundances of int/1 were significantly
correlated with relative gene abundances of sull (r = 0.77, adjusted p < 0.001) and tetW (r = 0.35,
adjusted p < 0.05). These findings suggested that the propagation of sull and tetW may be
facilitated by HGT of class 1 integron-integrase genes (intl1) in GSI soils. Overall, compared to
previous correlation results, inclusion of both physiological soil and metal(loid) factors in most

MLS models caused improvement in the relationship with ARG abundances.
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4.5. Limitations

The association between metal(loid)s and AR has been widely identified in environmental
compartments for decades, including agricultural soils, wastewater, and animal manure. However,
prevalence of ARGs and their association with metal(loid)s in GSI soils is largely unknown. Our
results indicate the co-occurrence of ARGs, metal(loid)s, and soil characteristics in GSI soils over
three time periods. Urban stormwater is known to contain metal(loid)s (Li et al., 2012) that can
trigger co-selection on AR (Stepanauskas et al., 2006) and accumulate in the stormwater bio-
retention media (Al-Ameri et al., 2018). More efforts focusing on concentrations of metal(loid)s,
antibiotics, microbial communities, and ARGs in stormwater runoff entering GSI will elucidate
whether metal(loid) co-selection effects on ARGs exist before entering GSI media. Furthermore,
the transiently saturated nature of GSI (during storms) and associated shifts in sediment redox
conditions, which can influence metal(loid)s speciation, may facilitate the proliferation of ARGs
through co-selection. Exploring how hydrological and physico-chemical in these highly dynamic
systems influence, either positively or negatively, metal(loid) co-selection on AR is an interesting

topic for future research.
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S. Conclusion

Despite the restricted use of some key antibiotics, other factors still contribute to the spread
of AR and need to be understood. Metal(loid)s have been shown to exert selective pressure on
environmental microbes. While urban GSI is known for metal(loid) and microorganism removal,
studies addressing the relationship between metal(loid)s and microorganisms that accumulate in
GSI media have yet to be directly investigated. Urban GSI soils are likely to be another potential
environment that promotes the spread of ARGs via metal(loid) co-selection and poses a critical
global health threat. Our results indicated that int/1 and ARGs were associated with many total
metal(loid)s but limited bioavailable metal(loid)s. Based on the metal(loid) concentrations that
correlated with genes, we found lower concentrations of metal(loid)s that co-select for ARGs in
GSI compared to other soil environments. In addition to metal(loid)s, soil characteristics, such as
soil texture and nutrients were shown to contribute to the prevalence of AR. MLS models
combining aforementioned factors improved the relationships between observed and predicted
gene abundances. To our knowledge, this work proposed the first multiple linear regression models
with the inclusion of soil characteristics, total, and bioavailable metal(loid)s for ARGs in soil
environments. Strong and significant regression coefficients were identified, implying additional
stressors may govern the selection of AR. The results from this study could inform the design and
management of urban GSI elements in mitigating the spread of AR based on soil features—such

as co-occurring metal(loid)s, nutrients, soil characteristics, and their spatial-temporal patterns.
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