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Water Impact Statement

Characterizing the sewer microbiome is of interest for protecting public health and interpreting
wastewater-based epidemiology data. Our sewer investigation indicated microbial community
and antibiotic resistance varied by matrix and season. NDM-1, a resistance gene of high health
importance, was frequently observed in sewer sediments and rarely in sewage, indicating the
potential relevance of in-sewer processes for select microbial agents.
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Abstract

The sewer environment is a potential hotspot for the proliferation of antibiotic resistance genes
(ARGs) and other hazardous microbial agents. Understanding the potential for ARG
proliferation and retardation and/or accumulation in sewer sediments is of interest for protecting
the health of sewage workers and the broader community in the event of sewer overflows as well
as for interpreting sewage epidemiology data. To better understand this understudied
environment for antibiotic resistance, a field survey was conducted to identify the factors that
may control ARGs in sewer sediments and sewage. qPCR was performed for select ARGs and
amplicon sequencing was performed for paired samples from combined and separate sanitary
sewer systems. Metagenomic sequencing was performed on combined sewer sediments. The
relative abundances of sull, tet(O), tet(W), ermF, and vanA were higher in wastewater compared
to sewer sediments, while NDM-1 was greater in sewer sediment and ermF was similar between
the two matrices. NDM-1 was observed in sewer sediment but rarely above detection in
wastewater in this study. This may indicate that larger/more frequent wastewater samples are
needed for detection and/or that retardation and/or accumulation in sewage sediment may need to
be considered when interpreting wastewater-based epidemiology data for ARGs. Random forest
analyses indicated that season and conductivity were important variables and to a lesser extent so

were pH, TSS, heavy metals, and sewer type for explaining the variance of the ARGs. These
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26  variables explained the 19-61% of the variance of sul/l, tet(O), tet(G), and tet(W) quantified in
27  wastewater. These variables performed less well for explaining the variance in sewer sediments
28  (0.2-24%). Sewer sediment and wastewater had distinct microbial community structures and

29  biomarkers for each are described. Metagenomics indicated that a high diversity of ARGs,

30 including several of medical importance, were observed in the combined sewer sediment. This
31  work provides insight into the complex sewer microbiome and the potential hazard posed by

32  different sewer matrices.

33 Keywords: ARG, combined sewer, heavy metals, amplicon sequencing, metagenomics, sewage
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1. Introduction

Antibiotic resistance is a public health threat and a comprehensive risk assessment requires an
understanding of the fate of antibiotic resistance genes (ARGs) from environmental hotspots.!
The potential role of sewage collection systems as one such hotspot is of interest, particularly
given the risk posed by separate sanitary and combined sewer overflows (CSOs). In cities with
combined sewer infrastructure, overflow events contribute to waterborne-disease outbreaks? and
present a risk to public health by serving as a source of pathogens? and antibiotic resistant genes
and bacteria.*> Understanding the potential for growth, retardation of transport, decay,
horizontal gene transfer, and selection for antibiotic resistant microbes in sewers is of interest
also for protecting the health of sewage workers, mitigating the impacts of sewer overflows, and

interpreting sewage epidemiology data.®

More remains to be understood about the biological processes that occur in sewer deposits and
their potential effects on the fate of antibiotic resistant bacteria. Microbes are present in
wastewater, sewer biofilms,” and wastewater solids that settle during conveyance and collect at
joints or other discontinuities in the sewer system.® The activity of microbes in sewers is
apparent from studies of microbially induced corrosion,’® dichlorination of polychlorinated
biphenyls,!% ! and growth of fecal indicators in storm sewer sediments.!?> Retardation of
pathogen transport during conveyance has also been indicated by a controlled release of
inactivated polio virus.'*> However, limited efforts have been made to understand the factors that
affect antibiotic resistant bacteria and their genes in sewer systems, particularly in the sewer
sediment matrix. Observations of antibiotic concentrations above the predicted no-effect levels
in sewers indicate the potential for selection.® However, a study simulating a hospital sewer line

carrying fluoroquinolone antibiotics indicated that despite accumulation of these drugs, there
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was no evidence of selection for fluoroquinolone resistance.!# This observation was potentially
due to sorption resulting in lower bioavailability and selection pressure. In contrast, correlations
between some antimicrobial residues and heavy metals have been reported for select antibiotic
resistances in wastewater influent [e.g., ciprofloxacin resistance with ciprofloxacin and arsenic

concentrations'?].

The aims of this study are to (1) quantify the loading and describe the diversity of ARGs in
sewer sediments, (2) compare the loading of ARGs in sewer sediments to the wastewater being
conveyed by the sewers, and (3) understand what factors are associated with elevated ARG loads
in both matrices. To achieve these aims, a field survey was conducted collecting sewer
sediments and wastewater from combined and separate sanitary sewer systems for different
seasons (fall/winter versus summer). qPCR for select ARGs was performed on both matrices.
Metagenomic sequencing (whole genome shotgun sequencing) was performed on the combined
sewer sediment samples to better understand the diversity of ARGs present in this understudied
matrix. Wastewater and sewer sediment quality data were collected and analyses including
machine learning (i.e., random forest) were performed to determine the factors explaining the
variance in ARG data and related to elevated ARGs relative abundances. The results of this
study provide insight into the hazard posed by the sewer environment. Results can also provide
insight into the impact of solids settling during conveyance on interpretation of sewage
epidemiology data and the potential hazard imposed by the release of different matrices during

overflow events.
2. Materials and methods

2.1 Sewer Sediment and Wastewater Sampling
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A total of sixty samples were collected across five different sewers systems during two sampling
campaigns. Sewer sediments and post-screen wastewater influent (i.e., two matrices) were each
collected in triplicate. The collection systems all include municipal wastewater and have health
care facilities in the catchment. The treatment facilities were all > 100 MGD design flow. To
compare seasons, sampling was performed for Fall/Winter between September 2016 and January
2016 and for Summer between June 2017 and September 2017. Sewer sediment sampling
locations were selected based on the presence of solids deposition sufficient to collect ~1 L,
which varied by system, location and sampling day. Samples were collected from a variety of
accumulation points in the sewer systems as described in Table 1. When possible, different
locations within a given sewer system were selected for different sampling events. Samples
from each system were collected during baseflow conditions at least one week apart. Sewer
systems were labeled C1-C3 for the three combined sewer systems and S1-S2 for the two
separate sanitary sewer systems sampled. On the same day of sediment sampling, a 24-hr time
paced composite wastewater influent sample (2 L, collected via autosampler) was also collected
from the corresponding downstream wastewater treatment plant. (In one exception, combined
sewer system C3 wastewater was collected one day after sediment samples due to precipitation
that may have influenced the planned 24-hr composite sample.) Field blanks consisting of
autoclaved deionized water left open for the duration of sediment sampling were collected during
each sampling season then preserved and analyzed using the same biomolecular techniques as
the field samples. Samples were preserved in sterile sample containers on ice during transport to

the lab where they were immediately processed.

2.1 Chemical Characterization of Field Samples
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Sewer sediment samples were sieved < 2 mm and subsamples were analyzed for moisture
content, pH, conductivity, particle size analysis, and select heavy metals. Moisture content was
measured by drying aliquots to constant weight. Sediment pH and conductivity were measured
according to standard methods.'® 7 All chemical analyses were conducted in duplicate for 20%
of samples for QA/QC. Particle size analysis was conducted by a sieve method. For each
sample with sufficient volume, approximately 200-650 g of sediment were dried at ~100 °C
overnight to achieve constant mass. Samples were homogenized with a mortar and pestle and
sieved through a series of stacked stainless-steel U.S. Standard sieves numbered 35, 60, 120, and
230 (ASTM E-11 Certified), which correspond to aperture sizes 500, 250, 125 and 63 um. The
stack was placed on a mechanical shaker for approximately 10 min and the dry mass passing
through each sieve was measured. The fraction > 63 pm would be classified as sand and the
fraction < 63 um would be classified silt/clay if these samples were from soil. Biomass is

expected to associate with the latter fraction.

Conductivity, pH, oxidation-reduction potential, total suspended solids (TSS) and volatile
suspended solids (VSS) in wastewater samples were measured with a multimeter (Orion Star
A329, Thermo Scientific) according to standard methods.'® ! Chemical oxygen demand (COD)
was analyzed according to Hach Method 8000 with Hach COD vials (20-1500 mg/L range) and a
DR2700 spectrophotometer (Hach, Loveland, CO). Sediment and wastewater samples were
submitted to an outside lab (TestAmerica, Edison, NJ) for analysis of total arsenic, cadmium,
copper, and nickel according to EPA Method SW846 6010C.2° These metals were selected
given that they have previously been associated with selection for antibiotic resistance in
environmental matrices and bacterial cultures.?!->> Metal concentrations are reported on a dry

weight basis.
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2.3 Biomolecular analyses

DNA was extracted from the field blanks, wastewater, and sewer sediment samples for qPCR,
amplicon sequencing and (for select sewer sediment samples) metagenomic sequencing.
Wastewater samples (~150 mL) and field blanks were concentrated on 0.22 um nitrocellulose
filters (Millipore Corporation, Billerica, MA). Filters or sieved sediment aliquots (~0.5 g wet
weight), were added to DNA lysing tubes and stored at -20°C prior to DNA extraction. DNA
extractions were conducted using a commercial kit (FastDNA Spin Kit for Soil, MP
Biomedicals, Solon, OH) following the manufacturer’s directions. qPCR was performed for
select ARG [sull,%° tet(G),?” tet(W),?? tet(0O),*® ermF,> NDM-1,3° vanA3'] and 16S rRNA gene
copies for total bacterial population.>?> These sulfonamide and tetracycline resistance genes were
selected because they are commonly observed in environmental matrices. NDM-1 was
investigated because Carbapenem-resistant Enterobacteriaceae are classified as an “urgent
threat” by the US CDC3? and NDM-1 has emerged in multidrug resistant clinical infections,
raising alarm.3* vanA is also a medically important gene because it encodes for resistance to
vancomycin, considered a drug of last resort for antibiotic resistant infections. For su/l, tet(G),
tet(W), tet(O), ermF, vanA, and 16S rRNA, a standard SybrGreen (5 uL SsoFast EvaGreen,
BioRad, Hercules, CA) chemistry with 0.4 uM forward and reverse primers, and 1 pL diluted
(1:100) DNA extract in a 10 uL reaction was used. For NDM-1, a standard TagMan protocol (5
uL SsoFast Probes Mix, BioRad, Hercules, CA) with 0.72 uM forward and reverse primers, 0.22
uM probe, and 1 pL diluted DNA extract in a 10 puL reaction was used. QA/QC on the qPCR
included a no-template control on each plate, a seven-point calibration curve, and melt curve
and/or gel electrophoresis to verify the specificity of qPCR products. qPCR calibration curve R?

and efficiency values were 0.99 + 0.01 and 87 + 11 %, respectively. The limits of quantification
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(LOQs) based on the lowest standard on the curve and factoring in dilutions were approximately
2.0 x 10% copies/g and 6.7 x 10* copies/mL for sediment and wastewater, respectively. All
sample results were within the LOQs or not detected except for two vanA results which were

below the LOQ and therefore unquantifiable.

Amplicon sequencing was conducted to understand if differences were observed between sewer
types/matrices that could be linked to ARG abundance and to define prominent community
members in the different matrices. Amplicon sequencing (Illumina MiSeq, 300 bp, paired end)
was performed on samples from both matrices targeting the V3-4 region of the 16S rRNA gene
at a commercial lab (MrDNA, Shallowater, TX). A total of 40 samples were submitted for
amplicon sequencing: two samples from each wastewater and sewer sediment per season (from
the second and third fall/winter sampling events and first and second summer sampling events)
for each of the five sewer systems. Sequences were analyzed using Quantitative Insights Into
Microbial Ecology (QIIME) version 1.9 run through Oracle Virtual Box VM and the Rutgers
School of Engineering High Performance Computing Cluster. Sequences were trimmed using
Trimmomatic®’ and stitched using PandaSeq.3® Sequences were otherwise analyzed following
the tutorial for next generation sequencing.’’” Briefly, after extracting barcodes
(barcode_extract.py), samples were demultiplexed and quality filtered (split_libraries fastq.py),
chimeras were removed (identify chimeric segs.py), followed by assigned operational
taxonomic units (OTUs, pick de novo otus.py). Samples were rarefied at 55,029, the minimum
number of sequences observed per sample. Rarefaction curves were generated using the mothur
(v1.35.1) rarefaction.single function for order level OTU tables generated in QIIME (Fig. S1).
Sequences are available in the NCBI database under Accession Numbers (SAMN10356326-

SAMN10356393).
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Metagenomic sequencing was performed on six sewer sediment samples to provide a deeper
understanding of the diversity of ARGs observed in sewer sediments. For each combined sewer
system, sediment DNA from two fall/winter sampling events were pooled and two summer
sampling events were pooled to create one pooled sample representing each season. Pooled
samples were submitted for [llumina HiSeq sequencing (MRDNA, Shallowater, TX). Libraries
were prepared using Nextera DNA sample preparation kits (Illumina, San Diego, CA) following
the manufacturer’s user guide, pooled, diluted, and sequenced paired-end (150 bp) for 300
cycles. Sequences were analyzed using the MG-RAST pipeline.3® Pipeline options included
removal of artificial replicates produced by sequencing artifacts (dereplication), screening and
removal of H. sapiens sequences (H.sapiens), and dynamic trimming for sequences with 5 bp
below a 15 phred score. To investigate the presence of antibiotic resistance mechanisms, genes
called as proteins in MG-RAST were queried against the Comprehensive Antibiotic Resistance
Database [CARD? version 3.0.2] using BlastX with an E-value cutoff of 1073.40 The threshold
for amino acid identity was >90% and sequence alignment set to >25 amino acids.*-4> Resulting
sequences were normalized to total clean reads (sequences passing quality control which
included dereplication and trimming described above) per sample, reported as parts per million
[(ARG reads / total clean reads) x 10°]. Sequences are available under accession numbers

[Reviewer Token: https:/www.mg-

rast.org/mgmain.html?mgpage=token&token=CbYyXYsUBHO071ly69t mpBoq09dFvoLsWO2FC

u9cYuMJs6t4b21 Accession Numbers upon public release] (paired forward and reverse runs) in

the MG-RAST database.

2.4 Statistical analyses


https://www.mg-rast.org/mgmain.html?mgpage=token&token=CbYyXYsUBH07ly69t_mpBoq09dFvoLsWO2FCu9cYuMJs6t4b2l
https://www.mg-rast.org/mgmain.html?mgpage=token&token=CbYyXYsUBH07ly69t_mpBoq09dFvoLsWO2FCu9cYuMJs6t4b2l
https://www.mg-rast.org/mgmain.html?mgpage=token&token=CbYyXYsUBH07ly69t_mpBoq09dFvoLsWO2FCu9cYuMJs6t4b2l
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Statistical tests were performed in R. qPCR data were log-normalized before analysis. A random
forest regression model (randomForest package) was used to determine the factors effecting the
observed ARG concentrations in wastewater or sediment and the relative importance of the
factors for each matrix. When a factor resulted in a negative mean square error (MSE) increase,
the analysis was repeated excluding that factor as suggested by Mendez (2011).#® Next,
PERMANOVA (vegan package) was performed to test for differences in ARG relative
abundances (ARG copies / 16S rRNA gene copies, allowing for cross-matrix comparisons) due
to matrix, season, and/or sewer type. PERMANOVA was also used to test for differences in
chemical parameters in a given matrix between season and sewer type (comparisons were not
made between matrices for the chemical parameters because the units were not necessarily
consistent). Arsenic and cadmium sediment concentrations were Box Cox transformed prior to
analysis because concentrations were below detection in 20% of the samples. Next, correlations
between ARGs (gene copies per g dry weight) and metals (concentration, dry weight),

conductivity, or the < 63 um sediment fraction were tested using Spearman rank tests.

To investigate whether shifts in community structure could be attributed to various sample
characteristics, a Bray-Curtis similarity matrix was calculated on log-normalized subsampled
(N= 55,029 sequences) OTU data at the class level followed by cluster analysis with a
SIMPROF test and non-metric multidimensional scaling (nMDS) in PRIMER 7. ANOSIM was
used to test for significance of community shifts (a<0.05) between and across season, sewer
type, and matrix. Richness of each sample, described as the number of OTUs observed for
rarefaction at 55,029 reads was compared across season, matrix, and sewer type using a

Wilcoxon rank sum test. The same test was used to compare Shannon Diversity indices between

10
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samples. Additionally, the linear discriminant analysis effect size (LEfSe) tool** was used to

identify biomarkers for the different matrices using the default settings.

Network analyses were performed as previously described* on the metagenome data to explore
connections between ARG concentrations and the microbial community. Briefly, 16S rRNA
gene taxonomy was obtained from the metagenomic data in MG-RAST using contigLCA and
filtered for OTUs with abundance >0.5% in at least one sample. Next a matrix of pairwise t-tests
was performed (psych package corr.test) with a BH correction for multiple comparisons. Results
were plotted (igraph) using only data that resulted in an adjusted p-value <0.01 and rho>0.8.
Diversity indices were calculated for the annotated ARGs including Shannon Diversity,
Richness, Evenness, and inverse Simpson. The indices were compared across season and sewer

system by a Friedman test.

3. Results
ARGsS in Sewer Sediment and Wastewater and Explanatory Factors

qPCR was performed for select ARGs in paired wastewater and sewer sediment samples
collected from combined and separate sanitary sewer systems across two seasons (Fig. 1). To
describe the ARG relative abundance, PERMANOV A was performed for the descriptive factors
(matrix, season, and sewer type) across wastewater and sewer sediment. Matrix (wastewater
versus sewer sediment) resulted in significantly different relative abundances of sull, tet(O),
tet(W), ermF, and vanA (all p<0.002) with wastewater having the higher relative abundances of
these ARGs and sewer sediment having a higher relative abundance of NDM-1 (p=0.001).

Season was associated with differences in select ARG relative abundances. Higher su/1 and

11
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tet(G) relative abundances were observed in winter/fall compared to the summer (both p<0.001)
and higher fe#(O) and vanA relative abundances were observed in the summer (both p<0.026).
Sewer type resulted in different relative abundances of su/l, NDM-1, and tet(G), and vanA (all
p<0.043), with some interactions by season. For example, su/l and tet(G) were in greater
relative abundance for the combined sewer sediment and wastewater in the winter/fall. In the
summer the relative abundance of these genes varied by sewer type but not consistently: higher
relative abundances in separate sanitary sewer sediment than combined sewer sediment for fe#(G)
and the opposite for su/l in sewer sediment. NDM-1, which was only consistently above
detection in the sewer sediments, where it was observed at greater relative abundances in the
combined sewer sediment than separate sewer sediment for both seasons. When ARGs in the
sewer sediment were compared on a dry weight basis (i.e., gene copies per g sediment) rather
than 16S rRNA normalized, the separate sanitary sewer had higher concentrations of su/l, ermF,
tet(G), and tet(W) (all p<0.006, Fig. S2). (Seasonal patterns for ARGs in sewer sediment on a
dry weight basis were similar to those described above for 16S rRNA gene copy normalized

ARGs.)

Several potentially explanatory chemical parameters were measured in wastewater and sewer
sediment (Table 2 and Fig. S3). In wastewater, differences between combined and separate
sanitary sewers were observed for conductivity and ORP (both p=0.023) but not the other water
quality parameters. Conductivity and ORP were lower in the separate sanitary sewer
wastewater. For sewer sediment, significant differences were observed between combined and
separate sanitary sewers for pH (p=0.029), conductivity (p=0.027), copper (p=0.027), and arsenic
(p=0.006). Copper and conductivity were higher in the separate sewer sediments while pH and

arsenic were higher in the combined sewer sediments. Arsenic was also higher in sewer

12
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sediment samples collected in the summer (p=0.02). Nickel was rarely observed in either matrix.

No other differences were observed by sewer type or by season.

Correlations were tested between the heavy metal content of sewer sediments and wastewaters to
provide insight into their potential to associate with ARGs. Further, antibiotic resistance has
been correlated with heavy metals in other environments.?? 2346 For wastewater, positive
correlations were observed between tet(W), tet(O), and ermF concentrations (gene copies per
volume) and arsenic (Spearman’s »>0.39; p<0.03), and between ermF (gene copies per volume)
and nickel (Spearman’s 7=0.37; p=0.04). In sewer sediment, a moderate positive correlation was
observed between tet(G) (gene copies per g dry mass) and copper (Spearman’s » = 0.45; p=0.01)
and total metals measured (Spearman’s » = 0.40; p=0.03), driven by copper’s higher
concentrations compared to the other metals. A weak positive correlation was observed between
NDM-1 in sewer sediment and copper on a 16S rRNA-normalized basis (Spearman’s » = 0.38; p
=0.04). Weak positive correlations were also observed between vanA copies/g and copper and
vanA copies/g and total metals (Spearman’s » = 0.42 and 0.39; p < 0.03). Negative correlations
were observed between tef(O) (gene copies per g dry mass) and arsenic, cadmium, and nickel

(Spearman’s » < -0.46; p < 0.01).

Given that sewer sediments can be released to receiving surface water bodies during sewer
overflows, the association of heavy metals with different sewer sediment particle size fractions
(Fig. S4) was explored. Correlations between heavy metals and the <63 um size fractions in
sewer sediment were tested, given this fraction may be expected to sorb metals and allow for
release to surface water during sewer overflow events. Positive correlations were observed
between the fraction of <63 uM particles in the different sewer systems and the four metals

analyzed (Spearman’s r = 0.46-0.76; all p<0.04). Regression analysis indicated a strong linear

13
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relationship between arsenic and the < 63um size fraction (R?>=0.84) and less linearity for the

other metals (R?>=0.17-0.22).
Relative Importance of Sewer Factors

The random forest regression was used to determine predictive factors for ARG relative
abundance in sewer sediment and wastewater samples (Fig. 2). Random forest analysis can help
identify important variables related to the response variable, provide insight into the
discriminative ability of individual predictor variables, and identify a small number of variables
sufficient for good prediction of the response variable.*’-*° Performing the random forest
analysis on an individual matrix and the including all the factors measured for that matrix
showed that at least three times the variance was explained for su/l, tet(G), and tet(W) in
wastewater compared to sediment (Fig. 2). (The analysis was not performed for NDM-1 in
wastewater given that the gene was observed in only four samples for that matrix.) After
removing variables that resulted in negative MSE, the remaining wastewater variables explained
a small (zet(W) 19.01% and te#(O) 20.0%) to moderate (su/l1 53.1% and tet(W) 60.91%) amount
of the variance in the relative abundance of these genes. Among the remaining variables, season
was the most important factor (indicated by the greatest increase in MSE) followed by
conductivity and sewer type (results are shown in Table 2) for su/l. Season and conductivity
were the most important factors for tet(G), and tet(W), while copper was the most important
factor for tet(O). Other contributing variables were pH, COD, TSS, VSS, arsenic, nickel, and/or

sewer type.

The variables for the sediment random forests explained a small amount of the variance for su/1
(13.9%), tet(G) (18.4%), tet(O) (24.2%), and tet(W) (0.23%). Conductivity followed by season

were the most important factors for su/l and tet(G), while conductivity was most important for

14
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tet(O) and pH was most important for zef(W). Other contributing variables for explaining the
variance of ARGs in sewer sediment were metals, moisture, and/or sewer type. Random forest
performed poorly for explaining the variance in ermF and vanA relative abundances in both
matrices and poorly for NDM-1 in sediments. Overall, this analysis suggested gene-to-gene

differences and matrix effects in the estimative power of the parameters tested.

Combined Sewer Sediment ARGs via Metagenomics

To provide an understanding of the diversity of ARGs in combined sewer sediments, samples
from the three combined sewers were analyzed with metagenomic (whole genome shotgun)
sequencing. Sequences were annotated for ARGs and the associated antibiotic drug classes and
mechanisms using CARD. There were 659-882 ARGs annotated per sample and a Shannon
diversity index of 4.94 to 5.10, richness ranged from 68.1 to 89.1, evenness from 0.74 to 0.76,
and an inverse Simpson of 0.98-0.99, with no significant differences by sewer or season (all
p>0.08). Cluster analysis on the ARG profiles indicated clustering by sewer system for C1 at
91.2% similarity and C3 with 88.8% similarity (Fig. 3a). Significant differences in the clustering
by ARG profile were observed between the sewer systems and for C2 between the seasons (all
p=0.01, SIMPROF). The most prevalent drug classes observed were multidrug (35+3% of
annotations), macrolide (13+1%), and tetracycline (10+£1%). Antibiotic efflux was the most
commonly annotated resistance mechanism (60-65% of ARG annotations) followed by antibiotic
target alteration (16-21%) and antibiotic target protection (10-11%) (Fig. S5). All of the ARGs
that were detected with qPCR were detected in the metagenomes. Of interest given the relevance
for public health, mcr-1 (encoding for colistin resistance) was detected in five out of six

combined sewer sediment samples at 0.5 to 2.3ppm of total reads. mecA (encoding for

15
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methicillin resistant S. aureus at 6-8 ppm of total reads) and vanA (encoding for vancomycin

resistance at 9-33 ppm of total reads) were observed in all the combined sewer sediment samples.
Microbial Community Analysis via Amplicon Sequencing and Metagenomics

Microbial community analysis was performed on the amplicon sequencing data to determine if
there were differences in community structure between matrix, season, and/or sewer type, given
that these could help explain any observed differences in ARG relative abundances. As
expected, the microbial community structure differed by matrix: wastewater was significantly
different from sewer sediment (p=0.001, ANOSIM). Richness, determined by number of
observed OTUs, was lower in wastewater compared to sewer sediments (138 = 19 vs 183 + 61
OTUs per sample; p=3.9x10%). Shannon diversity index was similar in the two matrices: 2.6 +
0.3 for wastewater and 2.9 + 0.4 for sewer sediment. The wastewater samples clustered with
greater than 70.4% similarity and eight of the out ten sample pairings collected from the same
system in the same season (seasonal replicates), clustered without significant differences (all
p>0.063). The sewer sediment samples clustered with 47.2% similarity and only four of the ten
seasonal replicate pairs clustered without significant difference (all p=1.0). Sewer sediments
collected from S2 clustered more closely with wastewater (70.4% similarity) than the other
sewer sediments. Sewer sediments from C3 formed a separate cluster from the other sewer
sediments, the C3 cluster had 60.5% similarity. Neither microbial community structure (both

p>0.20; ANOSIM) nor richness (both p>0.25) were significantly different across season or sewer
type.
Dominant microbial classes in the amplicon sequencing data for wastewater and sewer sediment

were also evaluated. Classes that were detected at abundances >0.01 are summarized in Fig. 4.

Actinobacteria, Bacteroidia, Flavobacteriia, Bacilli, Clostridia, and classes of Proteobacteria
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were detected most frequently across samples. Archaea and various classes from the Chloroflexi
phylum were detected in sewer sediment but not in wastewater samples. LEfSE biomarker
analysis of wastewater and sewer sediment revealed different biomarkers for the matrices.
Wastewater was characterized primarily by Proteobacteria, Gammaproteobacteria, and
Epsilonproteobacteria. Sewer sediment was characterized primarily by Archaea, Euryarchaeota,
and Bacteroidia. The three matrices did not have any biomarkers in common above a linear

discriminant analysis (LDA) score of 3 (Fig. S6).

Network analysis was performed on the combined sewer metagenome data. Linkages were
determined between the relative abundance of ARG annotations based on the CARD database
and genus level 16S rRNA gene annotations resulting from the MG-RAST analysis (Fig. S7).
Among the remaining genera were those that contain pathogens and/or opportunistic pathogens
(along with commensal organisms) including Aeromonas, Bacillus, Bacteroides, among others.
The majority of the antibiotic resistance mechanism remaining were for efflux followed by target
alternation and target protection. Most genera had linkage to a single ARG therefore ARGs
expected to be seen together, e.g., those located in a single operon, were not observed as linked

to the same genera.
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4. Discussion
Loading and Diversity of ARGs in Sewer Sediments and Compared to Wastewater

ARGs (sull, tet(G), tet(O), tet(W), ermF, and vanA) were observed in all sewer sediment
samples at similar or lower relative abundances compared to wastewater, while NDM-1 was
observed in sewer sediment samples and rarely above detection in wastewater. Sewer sediment
and wastewater ARGs are related given the exchange of solids between the two matrices: solids
from wastewater can settle at junctions and locations of low flow and settled solids may erode
and be re-suspended during high flow and CSO events.>% 3! These results suggest that su/l,
tet(QG), tet(O), tet(W), and ermF, and vanA ARGs quantified here did not necessarily accumulate
in sewer sediment compared to the wastewater reaching the treatment plant. NDM-1 was more
commonly observed in the sewer sediment, potentially due to preferential partitioning, selection
within the sediment, decay within the wastewater during conveyance, or temporal differences
between the sediment measured (representing accumulation over a period of days or longer) and
the 24-hr composite influent samples. For NDM-1 this may indicate a potential hazard for this
gene and matrix combination. NDM-1 is a gene of high risk given that multiple hosts can use
the gene to confer resistance and it has been found on broad range plasmids.’>>> NDM-1 has
previously been observed in wastewater, hospital wastewater, and surface waters receiving
wastewater effluent and feces.>6->° Interestingly, samples collected from C3, the sediment
stockpile in the CSO detention tank that is sometimes dry, exhibited consistent ARG abundances
with the other sewer sediments that are consistently in contact with wastewater. Thus, there is
evidence that ARGs persist in sewer sediments even without constant exchanges with the mobile

bed load and wastewater matrix.
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Of particular interest is the abundance and diversity of ARGs in combined sewer sediments
given the likelihood of release to surface water environment without treatment. Combined sewer
sediments contained a diverse range of ARGs, with more than double the Shannon diversity
indices for metagenomes from polluted surface water sediments [2.07-2.89%0] were analyzed
using a similar pipeline and an older version of CARD. Across three combined sewer systems,
multidrug resistance and efflux pumps were the most prevalent antibiotic resistance mechanisms,
similar to unimpacted estuarine sediments.®! The most prevalent drug classes observed in sewer
sediments were multidrug, tetracycline, and macrolide. This observation is similar to the
dominant drug classes reported for wastewater metagenomes. Multidrug resistance was a
dominant drug class annotated (20.2%) in WWTP influent in Hong Kong along with tetracycline
(23.1%) and aminoglycoside (14.8%).5> In municipal wastewater in China, the most prevalent
ARGs in order of abundance were to tetracycline, B-lactams, macrolides, aminoglycosides, and
multidrug.®3 In contrast to sewer sediments, anthropogenically impacted river sediments ARG
annotations were dominated by the aminoglycoside and multidrug,®® amphenicol, macrolide,
tetracycline [compared to unimpacted sediment®#], and sulfonamide, fluoroquinolone, and

aminoglycoside resistance genes.°!
Factors Associated with Elevated ARGs in Sewer Sediment and Wastewater

To better understand factors associated with elevated ARGs in the sewer environment, a random
forest regression was performed to determine variables that helped explain the variance in the
relative abundance of the genes measured by qPCR. The analysis indicated a small to moderate
amount of the variance in wastewater sull, tet(G), tet(O), and tet(W) was explained primarily by
season and conductivity with contributions as well from pH, TSS, metals, and sewer type. In

contrast, the variables included in the random forest explained little to a small amount of the
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412  variance of these ARGs in sewer sediment with the most important factors again being

413  conductivity and season with contributions as well from pH, metals, moisture, and sewer type.
414  Wastewater is a better studied matrix than sewer sediments and it is possible other factors not
415  measured here may be important for driving the sewer sediment ARG loading. Examples may
416  include sewer sediment age, concentrations of other selecting agents (e.g., sorbed antibiotics),

417  and/or exchange rates with nutrients or selecting factors in the mobile bed load.

418  Seasonal differences between ARGs were observed. Overall higher concentrations were seen in
419  the fall and winter for sull, tet(G) and tet(W). The seasonal variations observed are not thought
420  to be due to changes in sewer water temperature, which was not previously shown to impact the
421  sewage microbiome.® Antibiotic use is up to three times higher in winter®® and may be an

422  ultimate cause of observed differences given that antibiotics use has been correlated to clinical

423  antibiotic resistant infections.®’

424 It was hypothesized that ARGs would be similar in the wastewaters from different sewer systems
425  given that they were collected during periods without rain. We also hypothesized that ARG

426  concentrations would be different in the sewer sediments from combined versus separate sewer
427  systems given that combined sewers would be expected to convey more stormwater (although,
428  separate systems are subject to varying amounts of infiltration and inflow). Based on the random
429  forest analysis of 16S rRNA gene copy normalized ARGs there was some contribution of the

430  sewer system to both the wastewater and sewer sediment, although there were interactions with
431  other factors and inconsistent patterns of which system type contained higher levels. While

432  differences were not necessarily consistent between sewer systems for ARGs normalized to 16S

433  rRNA gene copies, concentrations (on a dry weight basis) of all ARGs genes in separate sewer
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system sediments were higher than in combined sewer system sediments. This can be explained

by the higher moisture content of the separate sewer system sediments collected.

Metals were of interest because antibiotic resistance has been associated with heavy metals in
wastewater®® and other environments.?? 2346 The only significant positive correlations between
heavy metals and ARGs were for tef(G) and NDM-1 versus copper in sewer sediments. The
positive correlation for zet(G) could be due to coselection, as suggested by previous reports of
plasmids carrying both copper and tetracycline resistance.®® Otherwise, the metal concentrations
detected in this study may not have been high enough to trigger coselection for antibiotic
resistance.?l> 24 Correlations between metals and silt/clay indicate that sorption may be an
important mechanism for metals retained in sewer sediment. Metals were detected less
frequently in wastewater than sediment samples. Only copper was detected consistently in the
wastewater samples and correlations were not observed between it and the ARGs measured with

qPCR.
Microbial Community Analysis via Amplicon Sequencing and Metagenomics

Microbial communities were studied in parallel with analysis of ARGs because differences in
ARGs could be attributable to different microbial community members present in different

matrixes particularly if these are associated with different characteristic or intrinsic resistances.”®

Significantly different microbial community structures were observed in sewer sediments
compared to wastewater. The sewer sediment microbial community was most similar to the
wastewater community in S2, which was collected from a wet well. The sewer sediment least
similar to wastewater and other samples came from system C3 which were collected from a CSO
retention basin stock pile. Therefore, the fact that these samples were not in consistent contact

with wastewater and the mobile bed load may have resulted in a shift in the microbial
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community structure given that the paired wastewater samples from this system had much
greater similarity to wastewater samples from other systems. The sewer sediment samples were
less similar to one another than the wastewater samples, which was potentially a function of
differences in sampling (wastewater was collected as 24-hr composites, sewer sediments were
collected as composites from a single point of accumulation within the sewer system and likely
represent a greater range of time, although aging the sewer sediment was beyond the scope of
this project). Interestingly, the sewer sediment microbial community from combined sewer
systems did not necessarily cluster separately from that of the separate sewer sediment. This is
despite the fact that the combined sewer sediments potentially had greater inputs from the storm
water microbial community in addition to wastewater compared to separate sewer sediment.
This may be due to resuspension of sewer sediments during storms (thus not allowing for
sufficient deposition of storm water sediments), infiltration and inflow in separate sewers
resulting in a similar contribution of stormwater microbes, and/or the greater microbial loading
and diversity in wastewater compared to stormwater thereby obscuring any stormwater sediment

signal in the combined sewers.
Implications for Sewer Operations, CSOs, and Interpreting Sewage Epidemiology Data

The data collected here is of interest for understanding the potential hazard presented by the
different sewer matrices during overflows and maintenance as well as for interpreting sewage
epidemiology data. With respect to sewage overflows, sewer sediments contained ARGs and
heavy metals that can be released to the environment if mobilized and not treated during wet
weather flows. The association of metals with solids indicates that end-of-pipe treatment
methods that remove settleable solids have the potential to remove these contaminants from the

effluent during CSO events.”! The detection of ARGs in sewer sediments at abundances similar

22



480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

Environmental Science: Water Research & Technology Page 24 of 38

to or higher than wastewater highlights that sewer sediments can be a source of microbial
contaminants released during CSO events. The relative importance of these matrices may be a
function of the volume of each matrix and potential differences in fate and transport upon release
to surface water. Based on comparison of data from different seasons, the ARG hazard from
release of wastewater and sewer sediments is similar or higher during fall and winter compared
to summer. However, in the summer, downstream factors such as warmer water temperature in
summer can still promote outbreaks of water-borne bacteria’? and the higher likelihood of
contact during recreation in the summer should be taken into consideration to assess the overall

hazard posed by sewer overflows.

The presence of ARGs in the sewer sediments indicates that a portion of ARGs in wastewater are
retarded during transport, which was expected based on previous research monitoring viruses.!3
A diverse range of ARGs were present in combined sewer sediments and several ARGs of
medical importance were observed including NDM-1, which was quantified using qPCR.
Although it was assumed that sediment deposition would be widespread, accumulation of sewer
sediment was not always observed. Numerous manhole locations (systems C1 and C2) were
rejected because sediment was not found at the bottom of the pipe, while on the same day in the
vicinity, accumulation was appreciable. Systems with sewer solids accumulation that perform
maintenance (e.g., jetting) will mobilize these ARGs and the associated heavy metals. More
information about the genetic context and host’® as well as any potential differences in exposure
rates to the two matrices during maintenance would be necessary to compare the relative risk
posed by the different matrices. Further study would also be needed to understand if and how
retardation of ARGs in sewer sediments may impact the interpretation of sewage epidemiology

data for different systems. Based on this study, sewer sediment was more likely to have NDM-1
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at detectable levels. This indicates that either large sample sizes or more frequent sampling
would be needed for wastewater, otherwise the burden of this gene could be underestimated in
wastewater-based epidemiological studies focuses on wastewater without considering retardation

or preferential accumulation in sewer sediments.

5. Conclusions

This research provides insight towards understanding an understudied potential hotspot for
ARGs: sewers. Sewer sediments were found to contain NDM-1 more frequently than
wastewater but not the other ARGs quantified in this study: wastewater contained a higher
relative abundance of sull, te#(G), and tet(W). The chemical parameters measured and factors
considered for this study explained the variance of some of these genes moderately well in
wastewater but at most a small portion of the variance in sewer sediments. Important variables
for ARGs in wastewater included season and conductivity, followed by pH, TSS, metals, and
sewer type. The microbial community structures were different between the two matrices, which
may explain some differences in these ARGs relative abundances. Metagenomic results
indicated that the sewer system was more important than season for the ARG profiles observed
in combined sewer sediments. A high diversity of ARGs were observed and several ARGs of
medical importance were observed, highlighting a potential hazard. This work can help inform
mitigation strategies for sewer overflows and preventative sewer maintenance. Observations of
ARGs and heavy metals in sewer sediments indicate that there is retardation during transport and
their potential for release during sewer overflows if these sediments are eroded. The fact that
NDM-1 was above detection in sewer sediments and few wastewater samples may indicate
potential retardation/preferential accumulation in sewer sediments or temporal variation in the

wastewater that was captured in settled sediment not apparent in the 24-hr wastewater
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composites that should be considered when interpreting wastewater-based epidemiology data for
ARGs. A better understanding of system hydraulics and other factors such as exposure rates to
the different matrices for sewage workers and the public as well as genetic context and host of
the ARGs would help inform the potential risk posed by sewer sediments and the need to account
for the impact of settling/resuspension on interpretation of sewage epidemiology data. Future
studies may wish to include wastewater sampling within the sewer pipe, seek better information
on the accumulation rate and age of sewer sediments (not available here), and include monitoring

for a broader range of ARGs.
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Figure 4. (a) Cluster analysis for the microbial community profiles observed in combined sewer (C1-C3) and
separate sanitary sewer (S1 and S2) systems. Paired wastewater ("WW"”) and sewer sediment (S”)
samples were collected triplicate during two different seasons (fall/winter “F/W"” versus summer “S”) and
replicate samples were sequenced. Samples connected by black bars are significantly different (SIMPROF
p>0.05). (b) Heat map of bacterial and archaeal phyla and classes with relative abundances greater than
1% in at least one sample from wastewater or sewer sediment. Results for replicate samples from

fall/winter ("W"”) and summer (“S"”) are shown.
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Table. 1 Sewer type, sampling period, and description of where sediment samples* were collected.

Environmental Science: Water Research & Technology

System | Sewer Fall/Winter | Summer Sediment Sampling
D Type Sampling Sampling Location/Type
Months Months
Cl combined | October- June-July Sediment deposits from bottom
November of sewer pipe collected via
manhole
C2 combined | October- July-August | Sediment deposits from bottom
November of sewer pipe collected via
manhole
C3 combined | October- June-July Sewer sediment discharged
November during CSO events and
stockpiled in CSO detention tank
S1 separate | September June-July Sediment deposits from pump or
metering stations
S2 separate | December- August- Wet well
January September

*N=3 samples per season for each sewer, exact locations varied by availability of access and sediment deposits
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Table 2. Wastewater and sewer sediment chemical and quality data for combined (“C”) and separate sanitary (“S”) sewer systems. Average
values are reported + standard deviation (N=6).

Wastewater Influent Sewer Sediment
System Conductivity COD TSS VSS ORP Conductivity Moisture
D pH (uS/cm) mgL) (gL (mg/L) mv) pH (uS/em) Content
(%)

Cl 7.3+0.1 891+93.0 697 £160 274 +107 220+ 126 278 £90.0 7.0£0.6 119+45.0 25+8.0
C2 7.4+£0.2 2020+ 522 603 +330 179+56.0 150 + 35 253 £ 127 7.1£0.5 575+702 35+17
C3 7.0+ 0.3 863 +257 759 £220 420+121 344 £ 108 228 £ 71 6.9 £0.8 659 + 466 30£9.0
S1 7.3+0.3 895+ 158 516 £ 61 27770 223 +£52 296 £ 159 6.6+ 0.7 466 =423 26+ 16
S2 7.1+0.1 784+120 737+ 139 443 +163 326+ 115 350+ 104 6.3+£0.5 224 +£79.0 65+7.0
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