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Abstract

Objective The World Health Organization (WHO) has declared antimicrobial resistance (AMR) as one of the top
threats to global public health. While AMR surveillance of human clinical isolates is well-established in many coun-
tries, the increasing threat of AMR has intensified efforts to detect antibiotic resistance genes (ARGs) accurately

and sensitively in environmental samples, wastewater, animals, and food. Using five ARGs and the 16S rRNA gene, we
compared quantitative PCR (gPCR) and metagenomic sequencing (MGS), two commonly used methods to uncover
the wastewater resistome. We compared both methods by evaluating ARG detection through a municipal wastewa-
ter treatment chain.

Results Our results demonstrate that gPCR was more sensitive than MGS, particularly in diluted samples with low
ARG concentrations such as oxidation pond water. However, MGS was potentially more specific and has less risk

of off-target binding in concentrated samples such as raw sewage. MGS analysis revealed multiple subtypes of each
gene which could not be distinguished by gPCR; these subtypes varied across different sample types. Our findings
affect the conclusions that can be drawn when comparing different sample types, particularly in terms of inferring
removal rates or origins of genes. We conclude that both methods appear suitable to profile the resistome of waste-
water and other environmental samples, depending on the research question and type of sample.

Keywords AMR, Antimicrobial resistance, Metagenomics, QPCR, Wastewater, Wastewater surveillance, Wastewater-
based epidemiology.

Introduction

The World Health Organization (WHO) has declared
antimicrobial resistance (AMR) as one of the top ten
threats to global public health [1] and the Global Anti-
microbial Resistance Surveillance System (GLASS) has
highlighted the necessity for comprehensive global AMR
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surveillance and research [2]. Municipal wastewater plays
a central role in the fight against AMR, offering insights
into community-wide health questions. Wastewater anal-
ysis is key in monitoring drug use, detecting SARS-CoV2
variants and other pathogens, as well as in understanding
population AMR profiles (resistome) [3, 4]. The discharge
of treated wastewater into the environment is one of the
main pathways for anthropogenic AMR dissemination
into the environment, posing a potential risk of transmis-
sion to humans and animals [5].

Metagenomic sequencing (MGS) and quantitative
PCR (qPCR) are two culture-independent methods that
have been widely used to characterize and distinguish
the resistome of environmental and wastewater samples
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[6-9]. While qPCR offers higher sensitivity for detect-
ing antibiotic resistance genes (ARGs), MGS provides a
broader resistome profile [7].

Here, we applied both MGS and qPCR to analyse 33
samples collected over three consecutive days from a
wastewater treatment plant (WWTP) [10], including raw
sewage (influent), secondary treated sewage (effluent),
oxidation (tertiary maturation) pond samples, and oxida-
tion pond sediments. The genes chosen for this analysis
were the 16S rRNA gene, and the ermB, sull, tetA, tetQ,
and tetW genes due to their value as common indicators
for use in AMR surveillance and wide host ranges [11,
12]. This research note presents a comparative analysis
of ARG prevalence throughout the wastewater treat-
ment process using MGS and qPCR. This study is part of
a larger research project investigating the presence and
fate of resistant bacteria and ARGs through a municipal
wastewater treatment plant in Aotearoa New Zealand
[13].

Methods

Sample collection

As described previously [10], a total of 33 samples
(including replicates) used in the current study were
taken from different points in the wastewater treatment
chain: post screen influent (INF), treated effluent, taken
in the drop chamber after final clarifiers (EFF), tertiary
maturation pond effluent, taken from the final pond
prior to discharge into the ocean (POND), and base sedi-
ment from ponds (SED). Composite samples of INF, EFFE,
and POND (three replicates) were taken over a 24-hour
period on three consecutive days in the spring/early sum-
mer of 2019 using an automatic water sampler (ISCO,
Teledyne Technologies Inc., USA). For SED samples,
three separate 10 g grab samples were taken on Days 2
and 3 only. All samples were immediately stored on ice
and processed within 4 h.

DNA extraction and metagenomic sequencing

DNA extraction of wastewater samples was performed
as described previously [10]. Briefly, samples were fil-
tered through 0.22 pum polycarbonate filters (Merck,
USA). The filters were immersed in LifeGuard™ solution
(Qiagen, Germany) and stored at —80 °C. DNA extrac-
tions and blanks were performed using the PowerSoilPro
DNA extraction kit (Qiagen), according to the manufac-
turer’s protocol with some modifications. Lifeguard” was
removed from the stored filter, and each filter was sub-
jected to bead beating for 3 min at 3,000 oscillations per
minute using the kit’s beads and lysis buffer (Mini-Bead-
beater-24, Biospec, USA). After centrifugation at 3500 g
for 5 min, the supernatant was used for DNA extraction.
DNA concentrations were evaluated using a Nanodrop
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(Thermo Fisher Scientific, USA). The same extraction
was used for MSG and qPCR. Sampling details can be
found in Supplementary Table S4.

Sequencing and bioinformatic analysis

DNA was shipped frozen (10 pL per sample) to Macro-
gen Oceania (South Korea) for sequencing. Library prep-
aration for MGS was performed using the TruSeq Nano
DNA Library Prep kit (Illumina) and the prepared librar-
ies were multiplexed and sequenced on the NovaSeq6000
platform (Illumina), using 2 x 150 bp paired end sequenc-
ing. Bioinformatic methods are detailed in the Sup-
plementary Materials. Briefly, reads were trimmed and
filtered using bbduk (v38.90) to remove adapters, reads
containing ambiguous bases (N), and reads with a quality
score less than Q20 [14]. Reads were aligned to the Res-
Finder (v2.1.1) [15] and SILVA 138.1 [16] databases with
KMA (v1.4.9), as in Munk et al. [17, 18]. Visualisations
and calculations were performed using R (v4.3.0 [19].

Quantitative PCRs

Five ARGs ermB, sull, tetA, tetQ, and tetW and the 16S
rRNA gene underwent qPCR with designed primers and
probes (Supplementary Table S1-S3; [11]) using 5 ng
input DNA. The 16S rRNA gene was quantified to nor-
malize qPCR results of the ARGs [20]. All gPCRs were
performed with a C1000 Touch CFX96 Real-time Sys-
tem (BioRad, NZ) as follows: 10-minute denaturation
at 95 °C, followed by 40 cycles of 15 s at 95 °C and 60 s
at 60 °C with signal detected for 5 s at the end of each
cycle in four technical replicates. The reaction efficiency
ranged from 85 to 100%, with an R* value greater than
0.98. The detection limit threshold was set at ~5x 10
copies/pl for the analysis.

Alignment, qPCR comparisons and multiple sequence
alignment

For MGS, of the ~1.2 billion input reads, ~5.8 million
reads were aligned to ARGs, with a minimum identity
of 80.65% and a minimum coverage of 98.98%. For pres-
ence-/absence comparisons, MGS gene subtype counts
were combined for each gene, and subtype counts below
50 were omitted for both qPCR and MGS data. ARG
per 16S rRNA values were generated for both qPCR and
MGS gene counts [7].

Results

ARG detection rates with MGS and qPCR

All five ARGs were detected in all INF and EFF samples
by both qPCR and MGS (Table 1 and Supplementary
Table S5). sull was the only ARG detected in all samples
(four sample types and all replicates) using MGS, while
both sull and tetA were detected in all samples using
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Table 1 ARG detection rates across sample types (% of samples where ARG was detected)
Sample type ermB sull tetA tetQ tetW
INF (n=9) gPCR 100% 100% 100% 100% 100%
MGS 100% 100% 100% 100% 100%
EFF (n=9) qgPCR 100% 100% 100% 100% 100%
MGS 100% 100% 100% 100% 100%
POND (n=9) gPCR 22.22% 100% 100% 22.22% 11.11%
MGS 0% 100% 77.77% 0% 0%
SED (n=6) gPCR 0% 100% 100% 0% 16.6%
MGS 0% 100% 66.6% 0% 16.6%

qPCR. In POND samples, qPCR detected ermB, tetA,
tetQ, and tetW in more samples than MGS. In SED sam-
ples, qPCR detected tetA in more samples than MGS,
and both methods detected tetW at the same rate, albeit
in different SED samples.

By qPCR, INF samples had the highest per 16S rRNA
levels of ARGs (Fig. 1a), with ermB and tetQ contribut-
ing the highest proportions (Fig. 1b). However, in EFF
samples, sull and tetW were the most proportionally
abundant. The relative abundance of sull was highest
in POND and SED samples, while the other genes were
rarely detected.

MGS results showed that intra-day detections (rep-
licates within one day) and detections by sample types
(Fig. 1c) as well as proportional abundance (Fig. 1d)
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were relatively consistent. However, in contrast to qPCR
results, ARGs per 16S rRNA were not diminished in EFF
samples compared to INF samples, and the proportional
abundance remained consistent (Fig. 1d). In POND and
SED samples, sull was dominant, with higher levels of
tetA and tetW compared to those found by qPCR. POND
and SED samples showed greater variability in propor-
tional abundance compared with INF and EFFE.

Metagenomic sequencing of ARGs

Further analysis of ARGs with MGS showed multiple
subtypes for each gene detected by qPCR. The presence
and proportions of specific gene subtypes varied between
sample types. We identified six distinct ermB subtypes,
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Fig. 1 ARG quantification relative to 16S rRNA gene copies as detected. Left gPCR: a Total counts of ARGs normalized to 165 rRNA gene copies;
b Proportional abundance of each ARG relative to 165 rRNA gene copies. Right MGS: ¢ Total counts of ARGs normalized to 16S rRNA gene copies;

d Proportional abundance of each ARG relative to 16S rRNA gene copies
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Fig. 2 Antimicrobial resistance gene read counts separated by subtype accession number. Shown are the combined counts for three replicates

on each day (D1
sediment: SED)

five sull subtypes, nine tetA subtypes, four tetQ subtypes
and four tetW subtypes (Fig. 2).

ermB was not detected in POND or SED by either
MGS or qPCR. However, six ermB subtypes were
detected, with two being specific to INF, one to EFF, and
three present in both sample types (Fig. 2). In INF, the
most abundant ermB subtype differed by sampling day,
with JN899585 being most abundant on Days 1 and 3 and
AF109075 on Day 2 (Supplementary Table S6).

Five sull subtypes were detected, with one subtype
found in all samples. Two subtypes were specific to INF
and SED, while another subtype was present in all sam-
ple types except SED. One sull subtype (EU780013) was
detected in all sample types, although it was most abun-
dant in SED, and another (AY963803) was prevalent in
all other sample types. Additionally, two sull subtypes
(U12338 and GU560437) were only identified in single
INF and SED samples, respectively.

Tetracycline resistance genes were detected across all
sample types (Fig. 1). Nine tetA subtypes were detected:
Three were present in both INF and EFF, two in INF,
EFE, and POND, one in both INF and POND, one in

:Day 1; D2: Day 2; D3: Day3) for all sampling locations (Influent: INF; Effluent: EFF; oxidation pond water: POND; oxidation pond

both POND and SED, and two exclusively in SED. Inter-
estingly, one subtype (L20800) was identified in greater
abundance in EFF than INF, while two others (HQ652506
and KX000272) were found primarily in INE.

tetQ was identified only in INF and EFF, with three
subtypes present in both sample types, and an additional
one exclusively in INFE. All subtypes were roughly half as
abundant in EFF samples as in INF. Four tetW subtypes
were detected: Three in both INF and EFF samples, and
another in INF, EFF, and one SED sample. The most prev-
alent tetW subtype (AJ427422) was found only in INF
and EFFE.

Discussion

In tracking five ARGs through wastewater treatment,
our results show that qPCR was more sensitive detect-
ing ARG presence, particularly in diluted samples with
low ARG concentrations such as oxidation pond water.
This was expected as the higher number of qPCR cycles
increases the number of copies of a specific target, while
scarce ARGs in MGS data are not specifically amplified
using the library preparation used here. Only a fraction
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(~0.24%) of the total MGS reads aligned to ARGs. While
qPCR could track ARGs through the system, MGS analy-
sis revealed multiple ARG subtypes across sample types
which were not distinguished by qPCR. While qPCR
showed the relative and absolute prevalence of some
genes decreased through treatment, they may not actu-
ally be the ‘same’ gene, such as sull detected by qPCR
was comprised of four distinct sull subtypes that varied
across sample types. This highlights that care should be
taken when comparing different sample types based on
qPCR analysis and inferring origins or removal rates of
ARGs through wastewater treatment.

ARG levels per 16S rRNA gene were lower in EFF than
INF samples using qPCR, while MGS found comparable
levels between the two sample types. This disparity is
likely due to MGS requiring a reference match (with suf-
ficient coverage) leading to a lower proportional differ-
ence between 16S rRNA genes and ARGs between INF
and EFF. However, in terms of read count, MGS detected
higher ARG counts in INF than EFF samples, indicating
that depending on the sample type, ARG per 16S rRNA
ratios may be less reliable when using non-quantita-
tive MGS. In addition, there is potential for qPCR to be
affected by a greater diversity of DNA in INF for off-tar-
get primer and probe binding, and differences between
subtypes may lead to the under estimation of some genes
with both methods.

qPCR is fast and quantitative; however, a-priori knowl-
edge is required, and it assumes that primers are bind-
ing to their intended target. Subtypes of each ARG were
detected in different sample types with MGS, showing
that while one ARG appears to be detected in different
sample types or sample sites, one cannot infer that it is
indeed the same gene subtype. Without specific qPCR
primers or sequencing of the PCR product, qPCR, while
more sensitive (in diluted samples), may lead to the intui-
tive assumption that a gene quantified in different sam-
ples, is the same ARG subtype, while in fact, it may have
a different origin.

The results indicate that the chosen approach for ARG
detection could be impacted by sample type more than
previously considered. Gene subtype differences between
samples, even in a continuous flow environment such as a
WWTP, indicate that although qPCR can detect different
ARGs with high sensitivity, the results of such an analy-
sis may lead to erroneous conclusions about the continu-
ity of their presence, reduction, or increase. Sequencing
qPCR products could help alleviate misinterpretation of
qPCR results. However, it is not practical to routinely
sequence all qPCR products, highlighting one of the
advantages of MGS. As our results show, the ARG sub-
type at the start of a treatment system, may not necessar-
ily be that which is detected at the end. Thus, appropriate
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wording is important when communicating research
outcomes of studies investigating ARGs in environmen-
tal samples. Additionally, the comparison between qPCR
and MGS highlights the difficulties and parameters for
direct comparisons between the methodologies.

A combination of qPCR and MGS could reduce the
selection bias introduced by qPCR, while more costly
MGS could serve as a baseline to select genes of inter-
est for qPCR analysis. Hybrid capture approaches using
targeted enrichment may be the future method of choice
but are currently cost prohibitive [21]. Therefore, samples
subjected to MGS (with or without hybrid-capture) could
be used to achieve a higher resolution picture, in con-
junction with more frequent targeted qPCR for real-time
quantitative monitoring of detected genes of concern.

Limitations

Limitations of the study include qPCR being largely unaf-
fected by gene length as only a specified region within a
gene is amplified, while MGS are non-specifically gener-
ated, and a threshold of whole gene coverage is required.
Therefore, MGS may be biased against longer genes such
as 16S rRNA (~1500 bp), tetQ and tetW (~1900 bp),
relative to qPCR, affecting ARG per 16S rRNA values.
Additionally, if the point of differentiation between two
subtypes has insufficient coverage, only one would be
identified and affect subtype proportions.

Abbreviations

AMR antimicrobial resistance

ARGs antibiotic resistance genes

GLASS  Global Antimicrobial Resistance Surveillance System
MGS metagenomic sequencing
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EFF secondary treated effluent
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SED base sediment tertiary maturation pond
agPCR quantitative PCR

WHO World Health Organization

WWTP  wastewater treatment plant
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