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ABSTRACT: Surveillance of antibiotic resistance genes (ARGs)
has been increasingly conducted in environmental sectors to
complement the surveys in human and animal sectors under the
“One-Health” framework. However, there are substantial chal-
lenges in comparing and synthesizing the results of multiple studies
that employ different test methods and approaches in bio-
informatic analysis. In this article, we consider the commonly
used quantification units (ARG copy per cell, ARG copy per
genome, ARG density, ARG copy per 16S rRNA gene, RPKM,
coverage, PPM, etc.) for profiling ARGs and suggest a universal
unit (ARG copy per cell) for reporting such biological measure-
ments of samples and improving the comparability of different
surveillance efforts.
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B INTRODUCTION

Antimicrobial resistance (AMR) has emerged as a leading public
health threat in recent decades." The global burden of
antimicrobial resistant bacterial infections was associated with
4.95 million deaths in 2019,” highlighting the urgency to combat
this public health challenge. Various national and international
programs for surveillance of antibiotic resistant bacteria (ARB)
and antibiotic resistance genes (ARGs) have been conducted,
and more efforts are underway to better understand the scope
and drivers of AMR.

To complement the surveys in human and animal sectors
under the “One-Health” framework, surveillance has been
increasingly conducted in environmental sectors, including
manure,” > soil,® freshwater,”® marine water,” and wastewater
treatment plants.'’”'* Conventional cultivation-based methods
for characterizing ARB provide comprehensive information in
terms of ARB phylogeny, resistance phenotype, and trans-
ferability of the resistance determinants. However, cultivation is
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highly exhaustive, and frequently only a small fraction of
environmental bacteria can be cultivated. Cultivation-independ-
ent methods based on nucleic acids directly extracted from
environmental samples mirror and complement cultivation-
based methods by overcoming the culture bias and are therefore
increasingly applied as a monitoring tool.

Nucleic acid-based methods for environmental surveillance of
ARGs are versatile approaches for flagging critical AMR
dissemination routes to be prioritized for mitigation. However,
there are substantial challenges in comparing and synthesizing
the results of multiple studies that employ different test methods
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Figure 1. Total abundances of ARGs in representative samples (number of datasets: 1809) expressed in four units: (a) ARG copy per cell; (b) ARG
copy per 16S rRNA gene; (c) RPKM (# of ARG-like read per kilobase million); and (d) PPM (# of ARG-like reads part per million). The X-axis order
of sample type names of the four panels is identical and ordered by ascending total abundance in the unit of ARG copy per cell, as shown in panel (a).
All metagenomes analyzed in this study were from the ARGs Online Searching Platform v2.0.*°

and approaches in bioinformatic analysis.n_15 Harmonizing
such measures would help the communication and consol-
idation of knowledge in this research area, including more
precisely linking ARGs to ARB for public-health decision-
makers. Thus, efforts toward standardization are needed. Here,
we consider the commonly used quantification units for profiling
ARGs and suggest a universal unit for reporting such biological
measurements of samples and improving the comparability of
different surveillance efforts.

B QUANTIFICATION UNIT USING QPCR METHODS

To detect and quantify targeted ARGs, real-time quantitative
polymerase chain reaction (QPCR) methods have been widely
applied using ARG primer sets.'® High-throughput qPCR (HT-
gPCR) platforms integrate multiple ARG primers to simulta-
neously measure hundreds of targeted ARGs. Both methods
usually express ARG quantities as relative abundance using gene
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copy number per 16S rRNA gene copy number (copy per
16S),"”"® which helps account for variable biomass and bacterial
recovery across samples and provides a proxy for the proportion
of bacteria carrying ARGs. Sometimes, the absolute abundance
using gene copy number per unit mass or volume (copy per unit
mass or volume) is also derived from qPCR measurements, with
a general assumption of consistent DNA extraction efficiencies,
for example, 100%."7~**

Bl QUANTIFICATION UNIT USING METAGENOMICS

Metagenomics is becoming a widely accepted broad-spectrum
tool for quantitative ARG analysis, avoiding gPCR limitations
such as the availability of primers/probes.”’ Although the
current metagenomic methods are still less sensitive than qPCR,
they have much higher throughput in terms of the number of
ARGs covered, bioinformatic databases/tools/procedure and
data-sharing platforms, and have been applied extensively for the
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surveillance of ARGs.”* Metagenomic analysis has also enabled
the discovery of new ARGs when combined with functional
screening.”® Additionally, existing DNA sequence datasets can
be retrospectively explored with e?anded ARG databases after
adding the novel ARG sequences.”* The increasing capacity and
decreasing costs of long-read sequencing make them an
accessible tool to link ARGs to mobile genetic elements
(MGEs), providing valuable information to track its evolution
and hosts for a more comprehensive risk assessment.”’

Currently, the quantity of ARGs obtained using metagenom-
ics is expressed in different ways, making it difficult to directly
compare the results of different studies (Table 1).

For example, RPKM normalizes the data by considering both
ARG lengths and the sequencing depth in the normalization
process. However, the biological and ecological meanings of
RPKM are not straightforward, although they could be
transformed into more meaningful units of biological and/or
clinical significance by making some assumptions. Copy
numbers of ARGs per copy of 16S rRNA genes (ARG copy
per 16S) provide a useful unit for comparison with qPCR data.
However, different species vary in the number of 16S rRNA gene
copy per genome, and it is still not that easy to compare the
results of different studies.*

We recommend the unit of ARG copy per cell (also equivalent
to copy per genome if we assume one genome per cell), which
normalizes sequencing depth, ARG lengths, and prokaryotic
cells/genomes in the dataset since it is more suited to present the
ARG relative abundance in samples. The unit of ARG copy per
cell has a straightforward biological/clinical meaning, allowing
for better communication and comparison, and can be further
developed into absolute quantification when actual cell count
data are available by flow cytometry, microscopy, or spike-in
methods. A unit similar to ARG copy per cell is “ARG density”,
which estimates RPKM for ARGs and normalizes by the average
RPKM of 40 single copy marker genes.’® Density has the same
biological meaning as the average ARG copy carried by a single
bacterial cell, but it is not applicable to long-read metagenomics
since it is based on the read number. Overall, specific
methodological scenarios may need to adopt different units;
however, the use of a universal unit with biological meaning may
facilitate systematic and direct comparisons of ARG levels across
different samples or studies.

B BENCHMARKS OF ARGS IN DIFFERENT UNITS IN
REPRESENTATIVE SAMPLE TYPES

In addition to the comparability of different studies, another
obvious question is whether using different units will lead to
different conclusions. To address this question, we quantified
ARGs in representative sample types*® and applied four of the
units described above, including PPM, RPKM, ARG copy per
16S rRNA gene, and ARG copy per cell. The metagenomic
datasets were first trimmed by removing adapters and low-
quality sequences using Trimmomatic.”” Then, clean reads were
aligned against the SARG database using the ARGs-OAP v3.2.*
This tool can simultaneously estimate the copy of 16S rRNA
genes by referring to the Greengenes database*” and estimate
cell numbers by referring to bacterial essential single copy
marker genes,*’ followed by normalization of ARG quantitation
into different units, including PPM, RPKM, ARG copy per 16S
rRNA gene, and ARG copy per cell.

Compared with ARG copy per cell, the choice of other units
for quantifying ARGs can lead to different ranking, as
demonstrated in Figure 1: ARG copy per 16S rRNA gene,
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RPKM, and PPM do not result in the same order of ARG copy
per cell. For example, ARG abundance in cattle feces was lower
than in wastewater treatment plants (WWTPs) samples when
expressed in ARG copy per 16S rRNA gene (Mann—Whitney U
test, P = 0.98) but was significantly higher when the result was
expressed in ARG copy per cell (Mann—Whitney U test, P = 2.4
X 1077). The differences can be explained because cattle fecal
bacteria have higher average 16S rRNA gene copy numbers than
bacteria in the WWTPs.*

Moreover, the choice of PPM or RPKM can flatten differences
among samples. For example, the total abundance of ARGs in
marine water and natural sediments showed no discernible
difference when assessed with the unit of PPM (Mann—Whitney
U test, P = 0.31) or RPKM (Mann—Whitney U test, P = 0.55),
but there was a significant difference in the unit of ARG copy
number per cell (Mann—Whitney U, P = 1.6 X 107%).

This discrepancy occurs because RPKM and PPM normalize
the sequencing depth but do not capture variations in bacterial
genome sizes. Previous reports on Earth’s microbiomes have
predicted larger genome sizes in soils and sediments than in
marine environments and explain the greater variability in
terrestrial environments.””>' We found that when the
abundance values in RPKM were similar, samples with larger
mean genome sizes resulted in higher abundance values of ARG
copy per cell.

B IMPLICATIONS

Since AMR is an increasing global concern, scientific research
and environmental management require systematic, quantita-
tive, and comparable ARG datasets. The consensus around ARG
units will help identify important sources and natural reservoirs
of AMR, inform effective mitigation strategies, and identify key
trends across countries, world regions, and One Health
compartments. This goal requires a standardized approach,
including universally adopted quantification units. Certainly,
different units used to quantify ARGs have individual strengths,
can be applied in different scenarios, and complement each
other. However, to study the resistome across a wide range of
complex environmental systems, we recommend the unit of
“ARG copy per cell” as the most pragmatic option, considering
its strengths discussed above, while other units are also useful for
different scenarios and could be reported together with it.

Unlike metagenomic analysis, which offers numerous ways to
obtain cell numbers (genome counts) for analysis, qPCR
currently estimates cell numbers by measuring 16S rRNA gene
abundance and converting it to cell numbers by dividing the
average copy numbers of 16S rRNA genes per cell. In the future,
we suggest designing primers that target multiple single-copy
marker genes. This would allow cell numbers to be estimated
directly from qPCR, thus providing the ARG copy per cell
estimate.

To normalize ARG quantification in the unit of ARG copy per
cell, the denominator (cell numbers) and numerator (ARG copy
number) are estimated separately following the formula in Table
1. It is worth pointing out that the same value using the same unit
“ARG copy per cell” may still have different implications since
ARGs may vary in the detection of genes by the different method
employed and also in their associated risks. Other factors,
including variance in the measuring process from sampling to
wet-lab differences, can also matter.

The unit of ARG copy per cell is still a relative rather than an
absolute measure and requires measurement of the cell number
per volume or mass of sample to become truly quantitative. Both
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absolute and relative measures are essential for a comprehensive
evaluation of antibiotic resistance in environmental settings and
provide complimentary insights, e.g., regarding mass flows and
exposure risks, on one hand, and processes of resistance
selection and comparison of widely different environments (e.g.,
dense gut microbiomes versus water), on the other. The unit
“ARG copy per cell” also has an additional advantage that it can
be transformed to absolute abundance data with ease if cell
abundance data are available'”* or scaling factors (SF) based
on cell spike-ins can be applied.** This unit can be further
developed into absolute quantification of viable and membrane-
compromised dead ARB cells if combined with the pretreatment
using a cell-impermeant dye like propidium monoazide
(PMA).>*

Opverall, we recommend that the research community adopt
“ARG copy per cell” as a consensus unit as the first step in the
adoption of a standardized analytical approach to ensure a
comparable and biologically relevant interpretation of the results
in order to combat antibiotic resistance. Such an approach could
be readily applied to other functional genes that potentially
confer phenotypes of concern, including metal resistance,
disinfectant resistance, pathogenicity, virulence genes, and the
MGEs that disseminate all these determinants.
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