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Extended-spectrum-beta-lactamases (ESBLs) are a growing group of antimicrobial resistance
(AMR) enzymes that can result in severe clinical outcomes. The CTX-M gene, which encodes
for ESBLs in bacteria, confers resistance to third generation cephalosporins and is of high
clinical concern. We developed a targeted, long-read sequencing method utilizing unique
molecular identifiers to generate accurate, full length CTX-M gene sequences from wastewater.
We characterized CTX-M in 36 samples from three Seattle area wastewater treatment plants from
April 2020 to March 2021. We identified a core community of alleles that persisted across time
and treatment plant. The CTX-M-15 containing protein variant (CTX-M-15/216/28) was
detected in all but three samples and made up, at most, 30% of detected CTX-M alleles. We

observed significant diversity across the CTX-M gene at the nucleic acid level, although most



nucleotide mutations were synonymous - resulting in two to three amino acid variants across 19
loci. By average relative abundance, 23% of protein variants were novel, defined as those not
represented in the CARD database. This method provides information (full length gene
sequences) that cannot be obtained through other culture-independent methods. This flexible
approach can be expanded to additional targets and implemented in settings where AMR

surveillance is a priority, such as hospital wastewater.



Introduction

The emergence of antimicrobial resistance (AMR) is an existential threat to human and
animal health. In 2019, 4.95 million human deaths were associated with bacterial antimicrobial
resistance.! The expansion of extended-spectrum beta-lactamases (ESBLs) in multiple genera of
bacteria has further worsened the landscape of antibiotic resistance.”? ESBLs are enzymes that
confer resistance to a wide array of beta-lactam antibiotics targeting the bacterial cell wall. CTX-
M (cefotaximase-Miinchen-lactamase) is an antibiotic resistance gene (ARG) that encodes for
ESBLs and has high efficacy against third generation beta-lactam cephalosporins (3GC). 3GCs are
primarily reserved for difficult-to-treat infections such as sexually transmitted infections,* neonatal
sepsis, and meningitis.* Resistance to 3GCs such as ceftriaxone has been observed in many taxa
including E. coli and Salmonella bacteria harboring CTX-M genes.>® CTX-M is a highly
diversified gene with different alleles conferring varying levels of resistance to beta-lactams. A
notable example is CTX-M-15, a protein variant that has increased activity against the 3GC

ceftazidime compared to other CTX-M alleles.”®

CTX-M is globally distributed with predominant alleles differing across geographic
regions. CTX-M-15 is the most dominant allele in most regions around the world with exceptions
to CTX-M-14 in East Asia and CTX-M-2 in South America.” Although there is limited clinical
literature for CTX-M in Africa compared to other continents’, CTX-M-15 is the most prevalent
allele described.!® Clonal relationships have been demonstrated in virulent ST131 E. coli isolates
containing CTX-M-15 in eight countries across three continents.!! Despite its clinical significance,
CTX-M is not limited to clinical settings as has been detected in a variety of veterinary,'?

agricultural,'*'* and environmental settings.!>!®



As new CTX-M alleles, subgroups, and clusters are continuously being identified in
bacterial isolates,!” 2 there is a need to characterize alleles at the population-level. Surveillance of
ARGs in populations can be done through wastewater-based epidemiology (WBE). WBE has been
used to characterize circulation of pathogens and ARGs at different scales (e.g. city, neighborhood,
building).?!*> ESBLs have been surveilled in wastewater through culture-based, PCR, and DNA
sequencing methods.>*?> Metagenomic sequencing is commonly used to provide broad
characterization of all ARGs found in wastewater. However, current metagenomic methods are
prone to oversampling highly abundant ARGs and can lack sensitivity.?%*’ In addition, short-read
sequencing methods (approx. 300 bps) are unable to provide adequate breadth of coverage for
ARGs, such as CTX-M, that are approximately 900 base pairs in length. Several clinically
significant, low abundant ARGs, such as CTX-M and their alleles, are often overlooked in
wastewater. Targeted sequencing increases sequencing depth of low abundance targets and long-

read sequencing allows for high breadth of coverage of ARGs.

A notable limitation of long-read sequencing methods (i.e. Nanopore) is the high error rate.
Unique molecular identifiers (UMIs) have previously been developed for full length 16S long-read
sequencing. High error rates are corrected by tagging template molecules with UMIs during PCR.
Then, UMIs in the sequenced amplicons are clustered and binned to generate consensus
sequences.”® The resulting consensus sequences are highly accurate, span the length of the gene,
and enable characterization at the single nucleotide level. In this study, we first developed a
targeted, long-read sequencing method that utilizes UMIs to sequence the clinically relevant ARG,
CTX-M in wastewater and then demonstrate the utility of this method by characterizing the

diversity of CTX-M alleles in Seattle-area wastewater.



Methods
Wastewater collection, concentration, and extraction

Primary influent wastewater was grab sampled weekly from three Seattle-area wastewater
treatment plants (WWTPs) between April 2020 to March 2021 as part of a previous study.? All
grab samples were transported on ice and stored at 4°C prior to processing. For Brightwater
WWTP, multiple grab samples from different time points for a single day were composited and
mixed well prior to concentration. For the other WWTPs, one grab sample was collected for a
single day. All samples were processed and concentrated within one week of the collection date.
0.5 L of primary influent wastewater was concentrated using 5% skimmed milk, shaken,
centrifuged, and pellets resuspended in 6 mL of 1X PBS. DNA and RNA were coextracted from
280 pL of concentrated sample using a QIAmp Viral RNA Mini extraction kit (Qiagen) with no
DNase treatment. One sample from the first week of each month for 12 months was analyzed for

CTX-M variants across the three WWTPs (36 samples total).
Gene Quantification

qPCR was performed on wastewater nucleic acid extracts to quantify the gene copies (gc)
of CTX-M in each sample (alleles captured in Table S1). CTX-M quantities were used to dilute
samples to 5000 gc input in Unique Molecular Identifier PCR (described below). A final
concentration of 0.9 uM for forward and reverse primers, 0.25 uM of probe, and 1X of TagMan
Fast Advanced MM (Invitrogen) was used in each reaction (Table S2). 2 uL of sample was used
with 18 uL of gPCR mastermix and samples were run on a StepOne Plus (Applied Biosystems).
Undiluted and ten-fold diluted samples were run in duplicate. A gBlock (Integrated DNA

Technologies) was used to generate a standard curve, from 10 to 10° gc per reaction, in triplicate.



Triplicate negative controls with 18 uL of gPCR mastermix and 2 uL of molecular grade water

were included. Cycling conditions for all thermocycling are available in Table S3.
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Figure 1: Schematic of UMI PCR Protocol. UMIs are added to each template molecule. Tagged molecules
are subsequently amplified and sequenced. Consensus sequences are generated from binning by UMIs.

To add unique molecular identifiers (UMIs) to CTX-M genes and amplify the gene and
UMLIs, two sequential PCR reactions were performed (Figure 1). The first reaction used two cycles
and primers targeting the CTX-M gene contained an 18 nt random sequence (Table S2). 5000 gcs
of CTX-M were used as input to the PCR reaction for a total reaction volume of 25 pL (QPCR
results in Figure 2). The mastermix consisted of 0.2 uM forward and reverse CTX-M primer, 0.5
mM dNTPs, 1X SuperFI II buffer (Invitrogen), 1U SuperFI II DNA polymerase, and molecular
grade water. 930 bp PCR products were cleaned using 0.9X magnetic beads (Sergi Lab Supplies)

with 80% ethanol.

The second reaction of UMI PCR was performed with primers to amplify the UMIs along

with the template molecules. Mastermix consisted of 0.2 uM forward and reverse primers, 0.5 mM



dNTPs, 1X SuperFI II buffer, 1U SuperFI II polymerase, and molecular grade water. 20 uL of the
previous PCR product was used as input DNA for a total reaction volume of 50 puL. PCR products
were loaded with 6X TriTrack DNA Loading Dye (ThermoScientific) and amplification was
visualized on 1% agarose gels stained with GelGreen (Biotium). PCR products were cleaned as

described above.

PCR products were subsequently barcoded to sequence multiple samples on a MinION
(Table S4). The final concentration of mastermix for barcoding PCR consisted of 0.2 uM forward
and reverse primer, 0.5 mM dNTPs, 1X SuperFI II buffer, 1U SuperFI DNA polymerase, and
molecular grade water. 20 pL of the previous PCR product was used as input DNA for a total
reaction volume of 100 pL.. All PCR thermocycling was performed on a T100 thermal cycler (Bio-
Rad Laboratories). PCR products were cleaned as described above. For two of six batches, a ratio
of 0.5X beads was used to exclude low molecular weight DNA bands. DNA concentrations for
PCR products were measured using the Qubit 1X dsDNA High Sensitivity assay kit (Invitrogen)

on a DeNovix Fluorometer and then 70-100 fmols were pooled for sequencing.

DNA Sequencing

Pooled PCR products were prepared for sequencing using Oxford Nanopore’s ligation
sequencing kit (SQK-LSK-114) according to the manufacturer’s protocol. After adaptor ligation,
short fragment buffer and a bead ratio of 0.8X was used in the final cleanup step. R10.4.1 flow
cells were run on a MinlON MK1B for 36 hours. Sequencing reads are available in NCBI under

BioProject PRINA1107162.



Data Analysis

Fast5 files were basecalled with guppy (v6.5.7) using the R10.4.1 super accuracy model
(dna r10.4.1 e8.2 400bps_sup.cfg) with a minimum quality score of 9. Basecalled reads were
demultiplexed with cutadapt (v2.6)* to search for forward and reverse barcodes at each read end
with the following parameters: an error rate of 0.15, a minimum length of 800 bps, and maximum
length of 1100 bps. Demultiplexed reads were run through an existing ssUMI pipeline (v0.3.2)?%3!
to produce consensus sequences based on dual UMIs. The longread umi ssumi_std command was
used with the following parameters: -s 200, -e 200, -E 0.1, -m 800, -M 1100, -f
AAGGTTGGCCAGGCTACCCAAAAC, -F CGACGCTAATACATCGCG, -r
CAAGCAGAAGACGGCATACGAGAT, -R ATGGTTAAAAAATCACTGCGCCAGT, -c 3, -p 2.
In brief, USEARCH (v11.0.667)*? was used to identify UMI clusters at the beginning and end of
each read. Reads were then grouped by UMI pairs and chimeras were removed. Grouped reads
)

were polished using cycles of Racon (v1.4.10)* and Medaka (v0.11.5)* resulting in a single

consensus sequence for each UMI pair bin.

ARGs were identified in resulting consensus sequences using Minimap2 (v2.22)* to map
against the Comprehensive Antibiotic Resistance Database (CARD) (v3.2.6).3® Nucleotide alleles
and amino acid variants were named based on the closest database match in CARD. If sequences
mapped at 100% identity, the name of the allele in CARD was retained. If sequences did not map
at 100% identity to any CARD sequence, the name of the closest match (highest percent identity)
was retained with a “variant” suffix. More than one allele was included in the name if sequences
aligned equally to multiple database matches. Alleles that occurred only once in the entire dataset

were removed from the analysis to avoid spurious associations. Data were visualized and analyzed



in R (4.2.3)*7 with phyloseq (1.42.0).%® Alignment of alleles, frequency plot, and phylogenetic tree

were generated using Jalview (2.11.3.2).%°

To test for differences in alpha diversity in WWTPs, we used a Kruskal-Wallis test to
compare the median number of unique alleles and Shannon diversity indices. Flow values,
measured in millions of gallons per day (MGD) at each sample date were used to categorize
samples as either high or low flow. Samples with a flow value lower than the median were
categorized as low flow while samples with a flow value greater than the median were categorized
as high flow (West Point median: 67 MGD, Brightwater: 16 MGD, South Plant: 62 MGD). We
used a Wilcoxon-Ranked Sum test to determine if there was a statistical difference in alpha

diversity between samples collected during high and low flow.

To validate performance of the PCR, sequencing, and data analysis methods, we performed
an experiment where two alleles with 1 bp difference were spiked into wastewater and underwent
the processing pipeline described above. Our analysis pipeline correctly identified the spiked-in
alleles at the single nucleotide level (Figure S1 and additional method details in the supporting

information).

Results and Discussion
CTX-M detection and quantification

CTX-M was detected using qPCR in all WWTP samples with concentrations ranging from
3 to 5.5 logio gene copies per mL of wastewater between April 2020 and March 2021 (Figure 2).
The trend in CTX-M quantities was similar over time across all three WWTPs but was lowest in
April 2020 and highest in December 2020. The sampling period coincided with the COVID-19
pandemic and COVID-19 cases surged towards the end of 2020 in King County, Washington.*® A

previous study in Seattle wastewater found CTX-Mciuster 2, 8, 25 and CTX-Mcluster 1, 9 in high



abundance during their study period in late 2020.*! Another study also found increases in beta-
lactamase gene abundances alongside COVID-19 cases and SARS-CoV-2 viral gene copies in
December 2020.*> The interaction between COVID-19 and CTX-M could be attributed to
extensive antibiotic usage during the COVID-19 pandemic.* Although bacterial coinfection and
secondary infections with COVID-19 were low**, third-generation cephalosporin usage was still
prevalent.* In some settings, 3GCs like ceftriaxone were the most commonly prescribed empiric
antibiotic for COVID-19 infections.*® Another study highlighted that 47.5% of Enterobacteriaceae
isolated from COVID-19 patients were resistant to ceftazidime.*’ 3GC usage during peak cases of

COVID-19 may have impacted CTX-M variants in wastewater and therefore highlights the

importance of understanding their diversity.
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Figure 2: Abundance of CTX-M genes in three Seattle area WWTPs from April 2020-March 2021. gPCR
was used to standardize 5000 gene copies of input into unique molecular identifier PCR.
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Figure 3: A.) Relative abundance of the top 10 most common protein variants across all samples. B.)
Relative abundance of the CTX-M-15 containing protein variant (CTX-M-216/28/15), which has high
clinical relevance, across all samples. C.) Number of unique nucleotide alleles by WWTP.

We observed a core composition of highly abundant CTX-M protein variants across all
three WWTPs (Figure 3A). The CTX-M-22/3/211 nucleotide allele and CTX-M-22/3 protein
variant were the most abundant regardless of time and WWTP (Figure 3A and Figure S2). CTX-
M-22 was also detected previously in a study of clinically significant (isolated from a sterile body
site or a significant quantity of growth from nonsterile sites) E. coli isolates from pediatric patients
in Seattle.* The second most abundant protein variant (CTX-M-3/22/30/12 var.) was novel,
defined as those that did not map 100% to the CARD database, and one amino acid/5 bps away

from CTX-M-22/3. Protein variants CTX-M-30 and CTX-M-206 were also frequently detected



across all WWTPs and sampling dates (average relative abundance (RA) of 8.9 and 4.4%,
respectively). In a previous study of municipal wastewater in Southern California using cloning
and sanger sequencing, the authors also identified a high relative abundance of CTX-M-3 and
CTX-M-30 gene alleles,*’ suggesting that there may be established alleles of CTX-M in human

populations or that are established in wastewater sewer systems.

The CTX-M-15 containing protein variant (CTX-M-15/216/28) was detected in all but
three samples (SP in May 2020, October 2020, and March 2021). The relative abundance of the
CTX-M-15/216/28 protein variant was as high as 30% for BW and 25% for SP in April 2020,
measured by consensus sequences. For most samples, the relative abundance was less than 5% of
consensus sequences (Figure 3B). While CTX-M-15 is globally disseminated, it is also locally
significant due to its appearance in both clinical settings and in agriculture. The previously
referenced study of clinically significant isolates from Seattle pediatric patients detected CTX-M-
15 in 10 out of 49 E. coli isolates. The same study also found that most of the CTX-M-15 positive
isolates were clones of a ST131 pandemic strain.*® In another previous study in Washington state,
CTX-M-15 was the most frequently detected allele (50 out of 99 isolates) in CTX-M positive E.

coli isolates from dairy cattle.>

There were no statistically significant differences between WWTPs in the number of
unique alleles observed (Kruskal-Wallis p-value=0.40) (Figure 3C) or Shannon diversity index
(p-value=0.44) (Figure S3) at either the nucleotide or amino acid level (Figure S4). Within each
WWTP, there were no significant differences in number of unique alleles/variants or Shannon
diversity index between high and low flow (Figures S3 and S4). Each WWTP differs in the
population served and land use based on the number of medical facilities, pastureland area, and

industrial waste permits (Figure S5 and Table S5). Despite the different contributions to influent



wastewater there were no differences in alpha diversity, which may indicate geographically

consistent trends.
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Figure 4: A.) Location of observed mutations across the top 20 protein variants (amino acid level) of the
CTX-M gene. B.) Frequency of amino acid substitutions at loci with multiple residues based on unique
variants and not abundance weighted C.) Phylogenetic tree of the top 20 protein variants using nearest
neighbor joining.

The top 20 CTX-M protein variants, based on relative abundance, were aligned to visualize
mutation hotspots (Figure 4A). Observed diversity of mutations were confined to 19 discrete loci
on the CTX-M gene between residues 13-242 (Figure 4B). A subset of these observed mutations
is associated with changes in CTX-M function.>! For example, mutation D242G in CTX-M-15 has
been implicated in conferring increased resistance to ceftazidime.** Residue D242 was previously
characterized as a mutation hotspot in CTX-M-1 cluster variants.'® We identified two substitutions
at this residue: 1.) D242G in CTX-M-79/55 and CTX-M-216/28/15 and 2.) D242N in CTX-M
216/3/22/15 var. Of the mutation hotspots in our work, many have been observed in CTX-M
variants from clinical isolates (loci 13, 16, 31,80,112, 212, 242, 45,160),'® suggesting our method
is capturing true allele diversity.

The consensus variant is the most abundant protein variant CTX-M-3/22 (average RA of
52.5%). Despite a larger diversity observed across the CTX-M gene at the nucleic acid level, most
nucleotide mutations were synonymous — resulting in just two amino acid variants at all but one
position, 242, where we observed three variants. Of these, the majority of amino acid substitutions
are neutral (e.g., A13V, T16A) or conservative (e.g., Y27H, R42Q) as classified by BLOSUM62
scoring.”® Three were unfavorable or non-conservative (G45R, Y132C, D242G). 12 of the top 20
occurring variants were found to be novel — yet closely match to CTX-M variants in CARD
(Figure 4C). While many of our protein variants are not observed in CARD, they are observed in
other studies of non-clinical isolates. For example, the second most abundant protein variant
(CTX-M-3/22/30/12 var. 1) was also found in wastewater.*’ Similarly, CTX-M-10/80/68/34 var. 1

was found in a Kluyvera intermedia isolated from an aquaculture study.>* Our work highlights the



challenges with using common ARG databases, populated with clinical isolates, when there is an
abundance of diverse alleles found in nature that are not represented. Our method offers a rapid

approach to surveil the diverse alleles in environmental samples.
Method Versatility

We demonstrate the utility of this method to characterize CTX-M in wastewater at a
resolution that cannot be captured by short-read sequencing. In addition, UMI-based PCR does not
necessitate bacterial cloning or culturing to characterize alleles. By coupling allele sequence
information with longitudinal data, we can track how CTX-M alleles, and other ARGs-alike,
change over time at the population level. Our method is versatile as it can be designed to capture
allele clusters or a specific allele depending on the primer design. There is opportunity to multiplex
a suite of ARGs for simultaneous allele characterization, including other globally important ESBL

targets such as TEM and SHV.>

Longitudinal tracking of alleles allows for the establishment of a baseline which can be
further leveraged to identify emerging alleles at the population level. Portable allele and variant
surveillance can be adapted for other settings such as hospital wastewater and low- and middle-
income settings (LMICs). Surveilling hospital wastewater could aid in understanding the diversity
of AMR and potentially inform targeted, clinical interventions.”» In areas with untreated
wastewater, such as LMICs, understanding the discharged wastewater ARG alleles can help with
public health interventions to reduce proliferation or exposure in the environment.>”>® In addition,
by characterizing mutation hotspots within ARGs, we can potentially estimate mutations that could

result in different phenotypic resistance.



Limitations

Our study has some limitations. The UMI PCR primers used in this study primarily capture
the CTX-M-1 cluster and were not able to identify all CTX-M variants including clinically relevant
alleles that have been previously identified locally (e.g. CTX-M-27).*® In addition, some alleles
were grouped (e.g., CTX-M-15) because they cannot be distinguished from others (e.g., CTX-M-
28 or CTX-M-216) due to single base pair mutations outside the reverse primer binding region.
Primer design could be optimized with degenerate bases to detect a broader suite of alleles. Finally,
we cannot distinguish between anthropogenic or environmental sources of variants. For example,
biofilms and bacterial growth in sewage collection systems could contribute to observed variants.
There is a critical need to study the relative contributions from environmental versus anthropogenic

sources to AMR in wastewater influent.
Conclusion

CTX-M is an example of successful ARG proliferation through its mobility on plasmids,
dissemination in multiple environments, and evolution through widespread 3GC usage. In order
to sufficiently combat antimicrobial resistance in the coming decades, innovations are needed to
address proliferation. We developed a culture-independent method that captures full length
characterization of CTX-M alleles in wastewater that has not been achieved previously. We
demonstrate that CTX-M alleles in three Seattle WWTPs are diverse, persistent, and share
mutation hotspots with clinically relevant alleles. By leveraging wastewater-based epidemiology,
ARGs can be characterized at the population level and ultimately inform public health

interventions.
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Supplementary Information (SI)

Table S1: CTX-M alleles captured by gPCR and UMI primers.
Assay Alleles

gPCR primers CTX-M-155, CTX-M-42, CTX-M-58, CTX-M-88, CTX-M-107, CTX-M-11, CTX-M-101,
CTX-M-36, CTX-M-1, CTX-M-30, CTX-M-69, CTX-M-82, CTX-M-117, CTX-M-34,
CTX-M-123, CTX-M-55, CTX-M-158, CTX-M-68, CTX-M-108, CTX-M-142, CTX-M-
139, CTX-M-61, CTX-M-54, CTX-M-22, CTX-M-114, CTX-M-64, CTX-M-28, CTX-M-
33, CTX-M-96, CTX-M-157, CTX-M-109, CTX-M-80, CTX-M-3, CTX-M-52, CTX-M-
132, CTX-M-60, CTX-M-103, CTX-M-32, CTX-M-156, CTX-M-71, CTX-M-53, CTX-M-
79, CTX-M-66, CTX-M-23, CTX-M-144, CTX-M-12, CTX-M-72, CTX-M-116, CTX-M-
136, CTX-M-29, CTX-M-10, CTX-M-37, CTX-M-62, CTX-M-15, CTX-M-162, CTX-M-
163, CTX-M-164, CTX-M-166, CTX-M-127, CTX-M-138, CTX-M-143, CTX-M-146,
CTX-M-150, CTX-M-153, CTX-M-154, CTX-M-167, CTX-M-169, CTX-M-170, CTX-M-
172, CTX-M-173, CTX-M-175, CTX-M-176, CTX-M-177, CTX-M-178, CTX-M-179,
CTX-M-180, CTX-M-181, CTX-M-182, CTX-M-183, CTX-M-184, CTX-M-187, CTX-M-
188, CTX-M-189, CTX-M-190, CTX-M-193, CTX-M-194, CTX-M-197, CTX-M-199,
CTX-M-202, CTX-M-203, CTX-M-204, CTX-M-206, CTX-M-207, CTX-M-208, CTX-M-
209, CTX-M-210, CTX-M-211, CTX-M-212, CTX-M-216, CTX-M-218, CTX-M-220,
CTX-M-222, CTX-M-224, CTX-M-225, CTX-M-226, CTX-M-227, CTX-M-228, CTX-M-
230, CTX-M-231, CTX-M-232, CTX-M-234, CTX-M-236, CTX-M-237, CTX-M-238,
CTX-M-244

UMI Primers CTX-M-101, CTX-M-69, CTX-M-82, CTX-M-117, CTX-M-34, CTX-M-123, CTX-M-55,
CTX-M-68, CTX-M-142, CTX-M-139, CTX-M-54, CTX-M-22, CTX-M-114, CTX-M-64,
CTX-M-33, CTX-M-157, CTX-M-80, CTX-M-3, CTX-M-52, CTX-M-132, CTX-M-103,
CTX-M-156, CTX-M-71, CTX-M-53, CTX-M-79, CTX-M-66, CTX-M-144, CTX-M-72,
CTX-M-136, CTX-M-29, CTX-M-10, CTX-M-37, CTX-M-15, CTX-M-127, CTX-M-143,
CTX-M-150, CTX-M-153, CTX-M-154, CTX-M-167, CTX-M-170, CTX-M-172, CTX-M-
173, CTX-M-176, CTX-M-177, CTX-M-178, CTX-M-179, CTX-M-180, CTX-M-181,
CTX-M-182, CTX-M-183, CTX-M-184, CTX-M-186, CTX-M-188, CTX-M-189, CTX-M-
190, CTX-M-193, CTX-M-197, CTX-M-199, CTX-M-202, CTX-M-203, CTX-M-204,
CTX-M-206, CTX-M-207, CTX-M-208, CTX-M-209, CTX-M-210, CTX-M-212, CTX-M-
216, CTX-M-218, CTX-M-220, CTX-M-225, CTX-M-226, CTX-M-227, CTX-M-228,
CTX-M-230, CTX-M-231, CTX-M-232, CTX-M-234, CTX-M-236, CTX-M-237, CTX-M-
238, CTX-M-244

Table S2: qPCR and UMI PCR primer sequences

Assay Forward Reverse Probe
CTX-M-1 gPCR® 5- 5- 5’-FAM-
CCGTCACGCTGTTRTTA AATGCCACMCCCAGYC CAGCAAAAACTTGCCG
GGA -3 KKCC -3’ RATT -MGB-3’
CTX-M UMI PCR 1 5’- 5% =

CAAGCAGAAGACGGCA AAGGTTGGCCAGGCTA
TACGAGATNNNYRNNN CCCAAAACNNNYRNNN
YRNNNYRNNNATGGTT YRNNNYRNNNCGACGC
AAAAAATCACTGCGCC TAATACATCGCG-3°
AGT-3’

CTX-M UMI PCR 2 5’- 5’- -
CAAGCAGAAGACGGCA AAGGTTGGCCAGGCTA
TACGAGAT-3’ CCCAAAAC -3’




Table S3: qPCR and PCR thermocycling conditions.

gPCR

Step Temperature (°C) Time Number of cycles
UNG activation 50 2 minutes

Polymerase activation 95 20 seconds 40X
Denaturation 95 15 seconds

Annealing/extension 60 1 minute

UMI PCR 1 (Tagging PCR)

Step Temperature (°C) Time Number of cycles
Denaturation 98 5 minutes

Denaturation 98 30 seconds 2X
Annealing 65 30 seconds

Extension 72 30 seconds

UMI PCR 2 (Amplification)

Step Temperature (°C) Time Number of cycles
Denaturation 98 5 minutes

Denaturation 98 15 seconds 22X
Annealing 65 30 seconds

Extension 72 30 seconds

Extension 72 5 minutes

Barcoding

Step Temperature (°C) Time Number of cycles
Denaturation 98 5 minutes

Denaturation 98 30 seconds 6X
Annealing 65 30 seconds

Extension 72 30 seconds

Table S4: Barcode sequences.

Barcode ID  Primer Sequence

direction
BC1 Forward  5’-CACAAAGACACCGACAACTTTCTTCAAGCAGAAGACGGCATACGAGA -3’
BC2 Forward  5’-ACAGACGACTACAAACGGAATCGACAAGCAGAAGACGGCATACGAGA-3’
BC3 Forward 5’-CCTGGTAACTGGGACACAAGACTCCAAGCAGAAGACGGCATACGAGA-3’
BC4 Forward  5’-TAGGGAAACACGATAGAATCCGAACAAGCAGAAGACGGCATACGAGA-3’
BC5 Forward  5’-AAGGTTACACAAACCCTGGACAAGCAAGCAGAAGACGGCATACGAGA-3’
BC6 Forward  5’-GACTACTTTCTGCCTTTGCGAGAACAAGCAGAAGACGGCATACGAGA-3’
BC7 Reverse 5’-AAGGATTCATTCCCACGGTAACACAAGGTTGGCCAGGCTACCCAAAAC-3’



BC8 Reverse  5-ACGTAACTTGGTTTGTTCCCTGAAAAGGTTGGCCAGGCTACCCAAAAC-3’

BC9 Reverse  5’-AACCAAGACTCGCTGTGCCTAGTTAAGGTTGGCCAGGCTACCCAAAAC-3’
BC10 Reverse  5’-GAGAGGACAAAGGTTTCAACGCTTAAGGTTGGCCAGGCTACCCAAAAC-3’
BC11 Reverse ~ 5’-TCCATTCCCTCCGATAGATGAAACAAGGTTGGCCAGGCTACCCAAAAC-3’
BC12 Reverse ~ 5°-TCCGATTCTGCTTCTTTCTACCTGAAGGTTGGCCAGGCTACCCAAAAC-3’

Method Validation

Wastewater DNA extract was seeded with one E. coli isolate and one K. pneumoniae
isolate that carry different CTX-M alleles with 1bp difference to validate the targeted sequencing
workflow. K. pneumoniae isolate 0145, containing CTX-M-15, came from the CDC/FDA AR
Isolate Bank Enterobacterales Carbapenemase Diversity Panel and the E. coli, containing CTX-
M-55, was isolated from the stool of a child participating in a 2016-2019 cohort study of enteric
infections in Lima, Peru (NIH RO1AI1108695-01A1). Both isolates were grown for 16 hours in LB
broth (BD Difco) in a shaking incubator at 37°C. 5 mL of broth was pelleted by centrifugation at
5000 x g for 5 minutes at 20°C. DNA was extracted from the pellets using a Monarch® Genomic
DNA Purification Kit (New England Biolabs). CTX-M was quantified for each DNA extract using
gPCR (same protocol as main text). Equal amounts of DNA extracts containing CTX-M-15 and
CTX-M-55 were seeded into wastewater DNA extract and diluted to 5000 gene copies for UMI
PCR. The unseeded wastewater sample was also diluted to 5000 gene copies. PCR, sequencing,
and analysis were performed as described in the main text. Eight unique alleles were found in the
unspiked wastewater sample only and one unique allele in the spiked wastewater only. Four alleles
were common to both samples. We were able to differentiate the spiked alleles (1 bp different)
with the CTX-M-15 allele common to both samples and CTX-M-55 present only in the spiked

sample.
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Figure S1: Nucleotide-level alleles found in the unspiked wastewater, spiked wastewater, and both
samples.
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Figure S2: Relative abundance of the top 10 most common alleles a

cross all samples at the nucleotide level.
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Figure S3: A.) Number of unique alleles by WWTP at the nucleotide level, separated by low and high flow.
High flow was classified as above the median of the dataset and low flow as below the median of the dataset
(per treatment plant). B.) Shannon diversity at the nucleotide level by treatment plant. C.) Shannon

diversity, separated by low and high flow.
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Figure S4: A.) Number of unique alleles by WWTP at the amino acid level. B.) Number of unique alleles
by WWTP at the amino acid level, separated by low and high flow. High flow was classified as above the
median of the dataset and low flow as below the median of the dataset (per treatment plant). C.) Shannon
diversity at the amino acid level by treatment plant. D.) Shannon diversity, separated by low and high flow.



Land Use

Medical facility points were extracted from King County GIS Open Data and includes
facilities such as medical centers, hospitals, and dental centers.®® Pastureland polygons from the
Agricultural Land Use crop data were extracted from the Washington State Geospatial Open
Data.5! Within the crop data, only pastureland was used as a subset since antibiotics are more
widely used for livestock animals than for other types of agricultural crops. The industrial waste
indicator also came from King County GIS Open Data and includes all industrial facilities that
have an industrial waste permit.®? Industrial waste permits are required for businesses or entities
that discharge industrial waste into publicly owned WWTPs.%2 All relevant shapefiles were
downloaded and loaded into ArcMap for analysis. New layers were created to select for WWTP
service areas and only pastureland from the land use data. Once all layers were loaded, spatial joins
were used to quantify the number of medical facilities, and industrial waste points in each WWTP
service area. For pastureland, a spatial intersection was performed against the WWTP service area

layers and the overlapping area was summed into hectares. Results are summarized in Table S5.
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Figure S5: GIS analysis of WWTPs and their service areas.

Table S5: Medical facility and industrial waste permit counts and pastureland area in the three WWTP
service areas.

WWTP Medical facilities count Pastureland (hectares) Industrial waste permit point
count

BW 4 16 121

SP 44 383 376

WP 60 59 595
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