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Introduction: Antimicrobial resistance (AMR) has become a major public health
concern and challenge. The transfer of antimicrobial resistance genes (ARG)
between bacteria and the movement of antibiotic resistant bacteria (ARB)
between human, environmental, and animal reservoirs allows AMR to spread
and drive its persistence. Modeling efforts are useful for providing understanding
of fate and transport, dynamics, or probabilistic risk, but lack estimates of
bacterial conjugation parameters to be used within these frameworks.

Methods: A systematic literature review was conducted to summarize measured
rates of conjugation for AMR and other resistances across a variety of settings,
experimental media, and donor sources. Results: Across the 113 studies, reported
conjugation frequencies and rates were examined in environmental, clinical, and
animal/agricultural settings. The findings spanned over 12 orders of magnitude.
From all studies, a subset of 25 were able to be analyzed for time-dependent rate
estimation, which is most useful in modeling approaches. The highest rates were
found in samples originating from wastewater sources or transferred in
wastewater matrices, pointing to the significance and role of anthropogenic
impacts on the environment in dissemination of AMR.

Discussion: The results allowed us to identify knowledge gaps in measuring
conjugation rates in key environmental exposure areas, such as biofilms, and in
reporting experimental outputs for understanding cell growth and conjugation
dynamics, such as donor, recipient and transconjugant densities over time.
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1 Introduction

Over 2.8 million antibiotic resistant infections occur annually in
the United States (US), and over 35,000 people die each year from
these infections (CDC, 2019). Antibiotic resistant infections are
estimated to cost the US over $2 billion annually (Thorpe et al,
2018). While overuse of antibiotics partly drives antimicrobial
resistance (AMR), other environmental factors also contribute to
the spread of antibiotic resistant bacteria (ARB), antibiotic
resistance genes (ARG), and other mobile genetic elements
(MGE) (Bengtsson-Palme et al., 2018; Berendonk et al., 2015;
Larsson et al,, 2018). Sewage and wastewater environments such
as municipal wastewater, reclaimed or recycled wastewater, and
hospital or pharmaceutical wastewaters have been highlighted as
potential areas for focus. These areas are noted due to their
contribution as environmental “hot spots” of AMR where ARG,
ARB, antibiotics, heavy metals, pharmaceuticals, disinfectants,
nutrients, and other stressors can co-mingle (Hong et al., 2018;
Vikesland et al., 2017). Some outbreaks of ARB have been noted for
originating from human exposure to water matrices (Gordon et al.,
2017; Hayward, 2020) and epidemiological linkages observed
between exposure to water environments and the threat of
development of waterborne AMR diseases and enteric infections
(Berendes et al., 2019; Chatterjee et al., 2018; Coleman et al., 2013).

AMR can develop due to genetic mutations, recombination
coupled with clonal expansion, or horizontal gene transfer (HGT)
(Banerji et al., 2019; Boolchandani et al., 2019) whereby functional
ARGs are directly shared amongst distinct cells, including those of
different microbial species. ARGs can encode for processes
associated with antibiotic resistance phenotypes, most commonly
acting by altered drug transport, antibiotic target modification, or
antibiotic degradation enzymes (Blair et al., 2015; Vikesland et al.,
2017). HGT is thought to be a dominant process in the development
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and spread of AMR, and encompasses mechanisms of conjugation,
transduction, and transformation (von Wintersdorft et al., 2016).
The relative importance of plasmid conjugation, which is the
process of transferring plasmids between a donor and recipient
bacteria through direct contact (mating) (Griffiths et al., 2000), is
emphasized for environmental matrices and AMR, since its
efficiency is greater compared to other HGT mechanisms (von
Wintersdorff et al., 2016), and the high prevalence of plasmids that
often encode one or more ARGs (Pinilla-Redondo et al., 2018). The
rate at which conjugation occurs is a function of multiple factors
including host, recipient, and plasmid identities, as well as cell
density, media type and environmental conditions (Pruden et al.,
2018; Tamanai-Shacoori et al., 1995) (Figure 1).

Several modeling methods have been applied for predicting the
rate of conjugation and its relevance to downstream AMR processes
(Moralez et al., 2021), typically using frameworks of infectious
disease modeling (Knight et al., 2018), evolutionary biology
(Townsend et al., 2012), and quantitative microbial risk
assessment (QMRA) (Njage and Buys, 2017, 2015). These studies
have highlighted the need for information to parameterize kinetic
conjugation models in both the human body and environment.
Numerous authors have highlighted the need for accounting for
HGT and particularly conjugation dynamics for assessing the risks
of AMR in the water and wastewater context (Amarasiri et al., 2019;
Banerji et al., 2019; Bengtsson-Palme et al., 2017; Bengtsson-Palme
and Heb, 2019; Berendonk et al., 2015; Biirgmann et al.,, 2018;
Gwenzi et al., 2020; Holmes et al., 2016; Hong et al., 2018; Knight
et al., 2018; McEwen and Collignon, 2018; Rice et al., 2020;
Rittmann et al., 1990; Smets et al., 1990). Other hotspots should
be considered for their spread to the environment such as hospital
wastewater and clinical settings (Harris et al., 2014; Lerminiaux and
Cameron, 2019; Samreen et al., 2021), and animal or agricultural
areas and wastes (Jadeja and Worrich, 2022; Topp et al., 2018).
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Other reviews have analyzed rates of conjugation (Alderliesten
et al., 2020; Ashelford et al., 2006; Hunter et al., 2008; Sheppard
et al., 2020; Sorensen et al., 2005), and have noted that most studies
have occurred at in vitro scales and/or in pure culture rather than in
environmental or full-scale systems. The conjugation “rate” is often
reported as a frequency, or ratio of quantities of transconjugants
(T), donors (D), recipients (R), and/or plasmids (e.g. T/D, T/R)
(Lopatkin et al., 2016b). Dynamics of conjugation, including rates of
plasmid transfer or loss, are useful for quantification within
biological processes such as wastewater treatment (Rittmann
et al,, 1990; Smets et al., 1990). However, the common reporting
of conjugation frequencies often excludes metrics of time, cell
density, or cell metabolism, thus adding difficulty in utilizing the
reported conjugation results for modeling treatment, fate, or
transport (Lopatkin et al., 2016b, 2017). One key area where this
is important and yet to be explored is in QMRA models. A review of
context, media, sources, and conjugation rates is necessary for
understanding and applying HGT to such models and assessments.

There is a need to understand mechanistic interactions between
microorganisms that play a role in the acquisition of AMR from an
environmental source (e.g. sewage, clinical settings, agriculture,
etc.). Improved knowledge of these determinants will allow for
prioritization and assessment of AMR monitoring opportunities as
well as management interventions to prevent the spread of AMR. In
particular, knowledge gaps for measuring and assessing
environmental sources and pathways (such as surface waters or
sewage) of AMR continue to be areas of targeted research (Pruden
et al,, 2018). Therefore, our objectives for the current work are to:
(1) systematically review the literature for quantitative conjugation
frequencies or rates in different environmental or clinical settings;
(2) summarize and compare the findings and measurements across
key metrics and conditions; (3) provide recommendations for
reporting experimental conjugation rates to best progress
modeling efforts; and (4) identify gaps and suggestions for
future experiments.

2 Methods
2.1 Data extraction and analysis

A systematic literature review was performed based on
preferred reporting items for systematic reviews and meta-
analysis (PRISMA) guidelines (Moher et al, 2015) to identify
studies of HGT reported for environmental and clinical settings.
Further details and a description of the inclusion criteria are in the
Supplementary Material.

A single reviewer extracted data for each topic (water/sewage,
clinical, and animal/agriculture respectively) from relevant papers
and a second reviewer verified information from 10% of entries for
each. Fields recorded included (1) experimental media; (2) origin of
donor species/strain/plasmid; (3) identity of donor species/strain/
plasmid; (4) origin of recipient species/strain/plasmid; (5) identity
of recipient species/strain/plasmid; (6) type of antibiotic used to
assess resistance; (7) genetic material transferred; (8) initial cell
density; (9) experimental duration; (10) horizontal gene transfer
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rate information and applicable statistics and replicates reported;
(11) units of horizontal gene transfer rate; and (12) quantification
methods used (e.g. cell culture, microscopy, or quantitative
polymerase chain reaction [qPCR]). Studies that met inclusion
criteria had quantitative rates or rates presented in a graphical
format that could be extracted were recorded in an Excel
spreadsheet. Where data were only available in graphical format,
data were extracted using Digitize It (Alcasa, 2016) data extraction
software. Data were analyzed using summary statistics, statistical
tests, and boxplots in R v.4.0.4 (2021).

2.2 Conjugation rate analysis
for comparison

Generally, the densities of donor, recipient, and transconjugant
cells at the end of experiments are used to report horizontal gene
transfer or conjugation as a ratio or frequency based on
transconjugant concentration over either donor or recipient
concentration (T/D, T/R). Not all studies reported all fields listed
above, nor did they report the concentrations of T, D, or R
throughout the experiments. To analyze conjugation as a rate,
that is, a time-dependent transfer of plasmids that results in a
change in transconjugant population, we applied equations based
on growth and plasmid transfer (Simonsen et al., 1990) as follows:

_ N-N,

e W
w1 Ny L @)
Y=V T DR) NN,

Where T, D, R, N are the concentrations of transconjugants,
donors, recipients, and total cell density at the endpoint time t,
resulting in a final rate of conjugation 7y in units of ml cell ' h™'. All
reviewed studies were further analyzed for available data for rate
conversion. Where cell densities or times were not reported, the
following equation was used as a proxy for Equations 1 and
Equations 2 as demonstrated by others (Sheppard et al., 2020;
Zhong et al., 2012):

V= A3)

3 Results

A total of 113 studies were analyzed for data extraction. The
studies were categorically organized based on either their
experimental matrix or the origin of donor/recipient species for
analysis. After review, the chosen categories were environmental,
clinical, and, due to some studies including in vivo experiments and
unique environments and sources, animal/agricultural. 71 studies
met the inclusion criteria for environmental (namely water such as
rivers or wastewater) matrices, 42 studies met inclusion criteria in
clinical studies (sourced from clinical isolates or conducted in
laboratories without environmental source or matrix), and 16
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were designated as animal/agricultural (sourced from agricultural
settings or based on in-vivo experiments for animals)
(Supplementary Table SI). Several studies could be classified as
multi-category; for example, a strain originated from a clinical
sample, but the conjugation experiments took place in a water
matrix (Ohlsen et al., 2003). In other cases, both donor and
recipient originated from similar matrices, for example, strains
were isolated from a water environment and conjugation
experiments took place in a water environment (Geisenberger
et al,, 1999), or donor and recipient strains were isolated from a
water environment but conjugation experiments took place in
another media (Fernandez-Astorga et al., 1992).

Across all studies, E. coli was the most prominent donor (39/71
environmental, 19/42 clinical, and 8/16 agricultural) and recipient
species (42/71, 19/42, and 10/16). For environmental studies, other
common donors were Pseudomonas spp. (18/71), Enterobacter spp. (5/
71), and Citrobacter spp. (5/71). Remaining donors such as Salmonella
spp., Enterococcus spp., and Staphylococcus spp., were used in three or
fewer studies. The same trends were observed for recipients
(Pseudomonas spp. 16/71, and Enterococcus spp. 5/71). Most of the
donors were gram negative bacteria (64/71 environmental, 32/42
clinical, 13/16 agricultural) and similar for recipients (63/71
environmental, 28/42 clinical, 13/16 agricultural). With some overlap
due to multiple measured bacteria, the remaining were gram positive
donors (7/71 environmental, 12/42 clinical, 5/16 agricultural) and
recipients (9/71 environmental, 16/42 clinical, 5/16 agricultural).

The resistance type transferred was assessed most for ampicillin
(18/70 environmental, 5/45 clinical, 3/10 agricultural), kanamycin
(20/70, 10/45, 0/10), tetracycline (31/45, 8/70, 4/10), and
trimethoprim (11/70, 2/45, 1/10). Other lesser common
resistances transferred were cefotaxime, colistin, sulfonamide, and
gentamicin. Transferred resistances to metals were also measured in
some studies, namely mercury (6/70 environmental), nickel (3/70),
and copper, zinc, and cadmium (2/70 each).

Most commonly, conjugation results were described as
frequencies or ratios of T/R (62/113) and T/D (51/113). Other
units, such as T/ml or T/total cells were utilized in few studies (5/
113) (Supplementary Figure S1). In addition to different
experimental conditions and rates of transfer, the experimental
time was widely variable across all studies (20 minutes to 31 days).
Therefore, the conjugation across all unit types also covered a wide
range, spanning over 12 orders of magnitude (Supplementary
Figure S1). The majority of studies used culture-based methods
with or without antibiotics in the media (85/113), or PCR (19/113)
with the remaining quantifying cell counts using epifluorescence
microscopy (6/113) or flow cytometry (3/13). From the 113 studies,
25 were analyzed for rate estimation with Equation 1-Equation 3.
This was due to their reporting of ml cell’' h™ or data able to be
extracted for the endpoint method. Only 25 of the 113 were able to
be analyzed with this method, as many of the studies: 1) only
reported final conjugation frequencies (T/R, T/D); 2) did not report
cell counts of N, T, D, and/or R as they varied between time points
(Equation 1, Equation 2); or Equation 3) did not report T, D, and R
for use with Equation 3.This subgroup included 14 environmental,
12 clinical, and 6 animal/agricultural studies.
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3.1 Conjugation frequencies

3.1.1 Environmental frequencies

As the largest category (n=71/113), environmental studies in
this review focused on bacteria isolated from water (such as rivers or
seawater), wastewater, or soil/sediments (marine or riverbeds).
Studies where conjugation rates of clinical isolates or laboratory
collection samples were measured in an environmental medium
(such as a wastewater matrix) were also categorized as
environmental (Supplementary Table S1). Wastewater or
activated sludge were utilized as an experimental medium for 11
studies and were a common source of donor bacteria (21/70) and/or
recipient bacteria (15/70). Other water media were surface waters
such as rivers, lakes, or canals (8 studies), seawater (7 studies), and
stormwater (1 study). Non-water environmental media were river
or marine sediments (2 studies), and reactors (6 studies). Agar,
broth, and membrane filters were used as experimental media in
many environmental studies which had environmentally sourced
donors or recipients (Supplementary Table S1).

Measurable (nonzero) conjugation frequencies in
environmental studies (n=71/113) ranged from 7.9x10° to 3.6
T/D (n=30/71) and 8.7x10'? to 8.6x10™! T/R (45/71), illustrated in
Figure 2. Using wastewater as an experimental media yielded rates
of 4.9x107 to 1.0x10°° T/D for treated wastewater (1/71), 5.0x10°
°to 8.8x107* T/D (1/71) and 3.0x10°t0 1.0x107° transconjugants/
recipients (T/R) for activated sludge (1/71), 3.3x107 to 4.8x10 T/
D (2/71) and 2.0x10™ to 2.6x10™ T/R (1/71) for raw wastewater,
and 7.9x107to 6.2x10°" T/D for simulated wastewater (1/
71) (Figure 2A).

3.1.2 Clinical frequencies

Conjugation rates that were measured and quantified in clinical
settings was the next largest category in the review (n=42/113).
These were categorized based on isolates taken from clinical
settings, usually from human patients. Clinical studies
predominantly measured conjugation rates in agar (20/42), broth
(13/42), and in vivo (7/42 [human 1/7, mice 5/7, rat 2/7, and
chicken 1/7]). Other media include membrane filters (5/42),
minimal media (1/42), or a biofilm reactor (1/42) using clinical
isolates of donors or recipients. Clinical studies observed
conjugation frequencies from 1.0x10° to 3.25x10™* T/D and
1.00x10°° to 3.16x10™* T/R (Figure 2B).

3.1.3 Animal/agricultural frequencies

Compared with clinical and environmental sources, the
agricultural environment is also composed of bacteria-rich
hotspots for AMR: soils, manure, and wastewater. With this in
mind, we assessed the studies for any isolates of animal or food
origin or setting, resulting in 16 studies designated as animal/
agricultural. These studies had donors or recipients isolated from
tannery wastewater (1 study), mice or rats (5 studies), bovine (2
studies), poultry (4 studies), dairy (2 studies), or fish (2 studies).
Observed conjugation frequencies were between 5.9x107® to
0.56x10" T/D and 1.00x10° to 6.0x10™" T/R (Figure 2C).
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FIGURE 2

Conjugation frequencies by experimental media type for (A) environmental studies, (B) clinical studies, and (C) agricultural studies.

3.2 Conjugation rates

The results of rate estimation for a common unit are shown in
Figure 3 based on media type, Figure 4 by the source of the donor
strain, and Figure 5 by plasmid. The rates of transfer varied over 12
orders of magnitude, ranging from 1.1x10™'® to 4.9x107° for
environmental, 5.1x10™" to 5.2x10™ for clinical, and 5.7x10™" to

~

4.110™"" for agricultural studies in units of ml cell” h™'. Figure 3
clearly highlights the studies with the highest rates were conducted
in fjord sediment (Barkay et al., 1995), marine sediment (Sandaa
and Enger, 1994), or in situ on river stones (Bale et al., 1988). When
plotted by donor source, the highest rates were from fish
(transferred in marine sediments (Sandaa and Enger, 1994)),
sewage (raw or inlet wastewater) and treated wastewater
(Jacquiod et al., 2017). For all estimated rates, environmental
studies had higher rates (Figures 3, 4). The higher orders of
magnitude for environmental studies (up to 10° ml cell! h!)

resulted in mean rates of 1.26x1010°°, 3.18x107'° and 1.2x107'* for
environmental, clinical, and agricultural respectively whereas
median rates were similar, at 5.9x107'%, 4.6x107'%, and 6.9x10

12, respectively.

4 Discussion

Developing quantitative mechanistic models of HGT across
different scales has been identified as a key gap for understanding
the spread of AMR (Moralez et al., 2021). Quantified conjugation
rates can be used as inputs in models to understand mechanisms of
the development of AMR, the resulting microbial community
population dynamics (Lopatkin et al., 2016b, 2017), and the
potential of AMR risks to public health from environmental or
other exposures (Njage and Buys, 2017; Schoen et al., 2021). This is
especially key as not all HGT events result in meaningful changes in
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Conjugation rates by source of donor for (A) environmental studies, (B) clinical studies, and (C) agricultural studies.
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FIGURE 5

Conjugation rates by plasmid type for (A) environmental studies, (B) clinical studies, and (C) agricultural studies.

protein structure or function (Arnold et al., 2022). Current
literature focused on quantifying HGT has not fully addressed the
impact of environmental factors, such as variable cell density,
nutrient access, or growth conditions as populations are
transported through different media (e.g., wastewater discharged
into surface water) (Thomas and Nielsen, 2005). HGT is difficult to
measure in situ and therefore presents challenges for quantification
(Moralez et al., 2021). Furthermore, identifying the host of ARGs in
complex matrices is non-trivial (Eramo et al.,, 2019), relying on
techniques such as single cell sorting and whole genome sequencing
to understand host-recipient dynamics (Wei et al, 2021). As a
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result, reliance on bench-scale co-culture experiments is common
for quantifying and understanding HGT dynamics.

This study expands on a previous meta-analysis (Sheppard et al,,
2020) to provide a dataset of values that could be used in further
modeling efforts specific to environmental and public health
applications. While the previous study primarily interrogated
plasmid-specific variables (e.g., size, type, etc.), we focused on
evaluating conjugation experiments and rates representative of
environmental or clinical sources and media. Furthermore, the
current work provides information from over 100 additional studies,
the majority of which were performed under bench-scale conditions.
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This review was motivated by the ever-increasing consumption
of antibiotics and thus their contamination in the environment
(Polianciuc et al., 2020), and the pressures exerted by antibiotics in
the environment even at low concentrations (Yim et al., 2006). In
addition, hospitals and clinical environments are critical reservoirs
and hotspots of AMR and ARB (Edelsberg et al., 2014), with richer
ARB communities and increased dissemination of antibiotics when
comparing hospital wastewater to municipal wastewater (Hassoun-
Kheir et al., 2020). Despite the identified reservoirs for emergence
and spread of clinical ARB (Hocquet et al., 2016; Gordon et al,
2017; Weingarten et al., 2018), Lerminiaux and Cameron (2019)
note that they continue to be understudied and less understood with
regards to conjugation quantification. Finally antibiotics have
historically been applied to both plant (McManus et al., 2002)
and animal agriculture (Mann et al., 2021) to fight diseases or to
promote growth. Meat and egg industries are noted for their high
throughput and populations, and subsequent high antibiotic use
(Manyi-Loh et al., 2018). It has been made clear that anthropogenic
impact is critical in dictating rates of dissemination and conjugation
in the environment, influenced further by background bacteria or
antibiotics (demonstrated by (Handel et al., 2015) where including
antibiotics in the experiment increased rates of conjugation by over
6 orders of magnitude, for example).

One major limitation of this review was the wide variety of data
reporting practices for conjugation experiments. This limits the
quality of meta-analysis as the ratios of transconjugants, recipients,
and donors reported are not consistent, are not typically reported as
a function of time, and the donor or recipient identities are missing
in many cases. While the experimental timing was reported in most
cases (101/113 studies), multiple time points are rarely measured,
limiting full characterization of kinetic processes including
frequency and directionality of ARG and/or plasmid transfer over
time. Lastly, timing of antibiotic administration also plays a role in
plasmid transfer rate (Ma et al., 2023), which is typically not
accounted for.

The classification scheme used (environmental, clinical, and/or
agricultural) was designed to inform comparisons across different
matrices. The clinical studies were not necessarily representative of
human or other in vivo environments, but rather reflective of the
media in which the experiment was performed. Nevertheless, these
categorizations are useful for informing predictions in different
media. Guidelines have been proposed for quantifying conjugation
rates and reporting their associated meta-data, including a checklist
of meta-data for reporting such as experimental variables,
environmental parameters, biological samples, quantification
methods, selective conditions, sample preparation, and protocol
details (Kosterlitz and Huisman, 2023). The authors specifically
define “population ratios” rather than “rates” due to the unit
differences and describe other methods for computation of
conjugation rates. Additionally, web-based applications have been
developed to estimate conjugation rates from experimental data and
to account for differences in growth and conjugation rates
(Huisman et al., 2022).

For modeling and risk assessment, recent studies have applied
frameworks to assess risks related to AMR, but have ignored or
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made assumptions regarding the impacts of HGT on resistant
bacteria populations (Goh et al., 2023; Nahim-Granados et al,
2024; Quon and Jiang, 2024; Schoen et al,, 2021). In addition, it
remains unclear to what extent conjugation impacts human dose
response to pathogenic and antibiotic resistant bacteria
(Chandrasekaran and Jiang, 2019), though it is important that
proper units (such as Simonsen endpoint estimation
demonstrated here) be available for better alignment and
inclusion with previously established models for population
dynamics (Lopatkin et al., 2016a). Much like established dose
response models for quantitative microbial risk assessment, a
limitation of in vivo conjugation experiments is the use of animal
trials for probability estimation due to lack of human data (Haas,
2015). However, the reviewed studies provide a basis for estimation
and the impact of intestinal cells or in vivo processes found in this
review (Faure et al., 2009; Hirt et al., 2018; Maisonneuve et al., 2000)
should be further examined for their rates of conjugation related to
potential risk models.

Previous studies note the importance of non-antibiotic factors
in influencing HGT such as bacteria density, temperature, and
nutrients (Jiang et al., 2022; Li and Zhang, 2022). While our study
aimed to collect and summarize conjugation rates across literature,
it is beyond the scope to estimate the quantitative role of these
factors, as estimated rates and frequencies were also dependent on
factors such as strain, experimental media, and donor/recipient
source. Thus, it is challenging to quantify the extent conjugation
rates impact the risk of AMR strain development in environmental
matrices and subsequent dissemination to relevant receptors, and
should be explored further along.

As a result of the literature review, several research gaps were
identified. A clear lack of quantitative measurements of conjugation
exists among environments of interest for environmental exposure
modeling, including biofilm environments. This, coupled with
various, incomplete, and inconsistent reporting conditions, leave
many open questions in terms of identifying factors that are most
impactful for conjugation rates. For example, biochemical variables
can drastically impact microbial physiology, though are rarely
included in analyzed studies. Even studies that examine the same
environment may have significantly different physicochemical
conditions, and thus may not be directly comparable.
Standardizing the reporting of environments will be critical
moving forward to derive consistent rates for predictive uses. In
addition to kinetic conjugation rates, growth rates of one or both of
the parental populations are also important parameters to inform
the resulting selection dynamics in a given environment. Identifying
environmental factors that independently impact the growth can
therefore also be useful from a predictive modeling standpoint.
Finally, the reporting of conjugation rates as well as matrices shows
considerable variation. While some environmental matrices are
categorized generally (such as surface waters vs. lakes and rivers
more specifically), orders of magnitude differences are noted in
conjugation frequencies and rates, and specific factors

Beyond the cellular level, field measurements have indicated
that ARG can accumulate within wastewater biofilms (Medina et al.,
2020), which could also have implications for wastewater
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monitoring and wastewater-based epidemiology (Morales Medina
et al., 2022). There is a need to map processes occurring at a small-
scale in various environments onto processes relevant for human or
ecological exposure and/or infection and risk; existing models have
concluded that conjugation was not a risk driver in environmental
exposure scenarios but could be improved by better
characterization of these rates under different conditions (Njage
and Buys, 2017; Schoen et al., 2021). Studies covered in this review
included the addition of additives (e.g., yogurt, milk, probiotics,
etc.) which may not mimic conjugation under realistic conditions
that are relevant for understanding modeling caveats and
extrapolating to scenarios beyond the specific experimental
conditions. Additionally, future reviews could be expanded to
include quantitative databases of HGT and other mechanisms
relevant to the development of AMR apart from conjugation (e.g.,
mutation, transformation, and transduction). As integration of
computational and experimental approaches is advanced, there is
the potential for filling in key research gaps regarding within-host
HGT (Sousa et al.,, 2023).

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

HQ: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing - original draft, Writing - review &
editing. LR: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Software, Validation, Visualization,
Writing - original draft, Writing - review & editing. BB: Data
curation, Formal Analysis, Investigation, Methodology, Writing -
original draft, Writing - review & editing, Software, Validation,
Visualization. JM: Investigation, Writing - original draft, Writing -
review & editing, Data curation, Formal Analysis, Methodology,
Software, Validation, Visualization. RS: Investigation, Writing -
original draft, Writing - review & editing. AL: Data curation,
Formal Analysis, Investigation, Methodology, Writing - original
draft, Writing - review & editing, Conceptualization, Supervision.
KH: Data curation, Formal Analysis, Investigation, Methodology,
Software, Validation, Visualization, Writing - original draft,

References

Alderliesten, J. B., Duxbury, S.]. N., Zwart, M. P., de Visser, J. A. G. M., Stegeman, A.,
and Fischer, E. A. J. (2020). Effect of donor-recipient relatedness on the plasmid
conjugation frequency: a meta-analysis. BMC Microbiol. 20, 135. doi: 10.1186/s12866-
020-01825-4

Frontiers in Microbiomes

10.3389/frmbi.2024.1490240

Writing - review & editing, Conceptualization, Funding
acquisition, Project administration, Resources, Supervision.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Funding for
this work was provided by WRF 4813 Critical Evaluation and
Assessment of Health and Environmental Risks from Antibiotic
Resistance in Reuse and Wastewater, NSF Grant 18-585
Collaborative Research: A multi-scale quantification of plasmid
acquisition in Escherichia coli, and US-Israel Binational Agricultural
Research and Development Fund IS-5628-23 “Risk assessment
platform to reduce ESBL-producing Enterobacteriaceae
infections associated with consumption of treated wastewater
irrigated produce”.

Acknowledgments

The authors thank Dr. Mary Schoen for her consultation
and feedback.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/frmbi.2024.
1490240/full#supplementary-material

Amarasiri, M., Sano, D., and Suzuki, S. (2019). Understanding human health risks
caused by antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARG) in
water environments: Current knowledge and questions to be answered. Crit. Rev.
Environ. Sci. Technol. 50 (19), 2016-2059.. doi: 10.1080/10643389.2019.1692611

frontiersin.org


https://www.frontiersin.org/articles/10.3389/frmbi.2024.1490240/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frmbi.2024.1490240/full#supplementary-material
https://doi.org/10.1186/s12866-020-01825-4
https://doi.org/10.1186/s12866-020-01825-4
https://doi.org/10.1080/10643389.2019.1692611
https://doi.org/10.3389/frmbi.2024.1490240
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

Quon et al.

Arnold, B. J., Huang, L-T., and Hanage, W. P. (2022). Horizontal gene transfer and
adaptive evolution in bacteria. Nat. Rev. Microbiol. 20, 206-218. doi: 10.1038/s41579-
021-00650-4

Ashelford, K. E., Fry, J. C,, Day, M. ], Hill, K. E., Learner, M. A., Marchesi, J. R,, et al.
(2006). Using microcosms to study gene transfer in aquatic habitats. FEMS Microbiol.
Ecol. 23, 81-94. doi: 10.1111/j.1574-6941.1997.tb00393.x

Bale, M. J., Day, M. ], and Fry, J. C. (1988). Novel method for studying plasmid
transfer in undisturbed river epilithon. Appl. Environ. Microbiol. 54, 2756-2758.
doi: 10.1128/AEM.54.11.2756-2758.1988

Banerji, A., Jahne, M., Herrmann, M., Brinkman, N., and Keely, S. (2019). Bringing
community ecology to bear on the issue of antimicrobial resistance. Front. Microbiol.
10. doi: 10.3389/fmicb.2019.02626

Barkay, T., Kroer, N., Rasmussen, L. D., and SA rensen, S. J. (1995). Conjugal
transfer at natural population densities in a microcosm simulating an estuarine
environment. FEMS Microbiol. Ecol. 16, 43-54. doi: 10.1111/j.1574-
6941.1995.tb00267.x

Bengtsson-Palme, J., and Heb, S. (2019). Strategies to reduce or eliminate resistant
pathogens in the environment. Antibiotic Drug Res. 637-673

Bengtsson-Palme, J., Kristiansson, E., and Larsson, D. G. (2018). Environmental
factors influencing the development and spread of antibiotic resistance. FEMS
Microbiol. Rev. 42, 68-80. doi: 10.1093/femsre/fux053

Bengtsson-Palme, J., Larsson, D. G. J., and Kristiansson, E. (2017). Using
metagenomics to investigate human and environmental resistomes. J. Antimicrob.
Chemother. 72, 2690-2703. doi: 10.1093/jac/dkx199

Berendes, D., Knee, J., Sumner, T., Capone, D., Lai, A.,, Wood, A,, et al. (2019). Gut
carriage of antimicrobial resistance genes among young children in urban Maputo,
Mozambique: Associations with enteric pathogen carriage and environmental risk
factors. PloS One 14, €0225464. doi: 10.1371/journal.pone.0225464

Berendonk, T. U., Manaia, C. M., Merlin, C., Fatta-Kassinos, D., Cytryn, E., Walsh,
F., et al. (2015). Tackling antibiotic resistance: the environmental framework. Nat. Rev.
Microbiol. 13, 310-317. doi: 10.1038/nrmicro3439

Blair, J. M. A., Webber, M. A., Baylay, A. J., Ogbolu, D. O., and Piddock, L. J. V.
(2015). Molecular mechanisms of antibiotic resistance. Nat. Rev. Microbiol. 13, 42-51.
doi: 10.1038/nrmicro3380

Boolchandani, M., D’Souza, A. W., and Dantas, G. (2019). Sequencing-based
methods and resources to study antimicrobial resistance. Nat. Rev. Genet. 20, 356—
370. doi: 10.1038/s41576-019-0108-4

Biirgmann, H., Frigon, D., H Gaze, W., M Manaia, C., Pruden, A., Singer, A. C., et al.
(2018). Water and sanitation: an essential battlefront in the war on antimicrobial
resistance. FEMS Microbiol. Ecol. 94, 1-9. doi: 10.1093/femsec/fiy101

CDC (2019). Antibiotic resistance threats in the United States. (2019). US
Department of health and human services, centres for disease control and prevention.

Chandrasekaran, S., and Jiang, S. C. (2019). A dose response model for quantifying
the infection risk of antibiotic-resistant bacteria. Sci. Rep. 9, 17093. doi: 10.1038/
541598-019-52947-3

Chatterjee, A., Modarai, M., Naylor, N. R,, Boyd, S. E., Atun, R,, Barlow, J., et al.
(2018). Review Quantifying drivers of antibiotic resistance in humans : a systematic
review. Lancet Infect. Dis. 18, 1-11. doi: 10.1016/S1473-3099(18)30296-2

Coleman, B. L., Louie, M., Salvadori, M. I, McEwen, S. A., Neumann, N.,, Sibley, K.,
et al. (2013). Contamination of Canadian private drinking water sources with
antimicrobial resistant Escherichia coli. Water Res. 47, 3026-3036. doi: 10.1016/
j-watres.2013.03.008

Edelsberg, J., Weycker, D., Barron, R, Li, X., Wu, H., Oster, G, et al. (2014).
Prevalence of antibiotic resistance in US hospitals. Diagn. Microbiol. Infect. Dis. 78,
255-262. doi: 10.1016/j.diagmicrobio.2013.11.011

Eramo, A., Morales Medina, W. R, and Fahrenfeld, N. L. (2019). Viability-based
quantification of antibiotic resistance genes and human fecal markers in wastewater
effluent and receiving waters. Sci. Total Environ. 656, 495-502. doi: 10.1016/
j.scitotenv.2018.11.325

Faure, S., Perrin-Guyomard, A., Delmas, J.-M., and Laurentie, M. (2009). Impact of
Therapeutic Treatment with B-Lactam on Transfer of the blaCTX-M-9 Resistance
Gene from Salmonella enterica Serovar Virchow to Escherichia coli in Gnotobiotic
Rats. Appl. Environ. Microbiol. 75, 5523-5528. doi: 10.1128/AEM.00020-09

Fernandez-Astorga, A., de Aranguiz, A., Pocino, M., Umaran, A., and Cisterna, R.
(1992). Conjugal transfer of R-plasmids to and from enterobacteriacae isolated from
sewage. J. Appl. Bacteriol. 72, 381-385. doi: 10.1111/j.1365-2672.1992.tb01850.x

Geisenberger, O., Ammendola, A., Christensen, B. B., Molin, S., Schleifer, K.-H., and
Eberl, L. (1999). Monitoring the conjugal transfer of plasmid RP4 in activated sludge
and in situ identification of the transconjugants. FEMS Microbiol. Lett. 174, 9-17.
doi: 10.1111/j.1574-6968.1999.tb13543.x

Goh, S. G., Haller, L., Ng, C,, Charles, F. R, Jitxin, L., Chen, H., et al. (2023).
Assessing the additional health burden of antibiotic resistant Enterobacteriaceae in
surface waters through an integrated QMRA and DALY approach. J. Hazard. Mater.
458, 132058. doi: 10.1016/j.jhazmat.2023.132058

Gordon, A., Mathers, A., Cheong, E., Gottlieb, T., Kotay, S., Walker, A., et al. (2017).
The hospital water environment as a reservoir for carbapenem-resistant organisms
causing hospitalAcquired infections—A systematic review of the literature. Clin. Infect.
Dis. 64, 1435-1444. doi: 10.1093/cid/cix132

Frontiers in Microbiomes

10.3389/frmbi.2024.1490240

Griffiths, A. J., Miller, J. H., Suzuki, D. T., Lewontin, R. C., and Gelbart, W. M. (2000).
Bacterial conjugation. Introd. Genet. Anal. 7th Ed.

Gwenzi, W., Musiyiwa, K., and Mangori, L. (2020). Sources, behaviour and health
risks of antimicrobial resistance genes in wastewaters: A hotspot reservoir. J. Environ.
Chem. Eng. 8, 102220. doi: 10.1016/j.jece.2018.02.028

Haas, C. N. (2015). Microbial dose response modeling: past, present, and future.
Environ. Sci. Technol. 49, 1245-1259. doi: 10.1021/es504422q

Hindel, N, Otte, S., Jonker, M., Brul, S., and ter Kuile, B. H. (2015). Factors that
affect transfer of the incIl B-lactam resistance plasmid pESBL-283 between E. coli
Strains. PloS One 10, €0123039. doi: 10.1371/journal.pone.0123039

Harris, S., Morris, C., Morris, D., Cormican, M., and Cummins, E. (2014).
Antimicrobial resistant Escherichia coli in the municipal wastewater system: Effect of
hospital effluent and environmental fate. Sci. Total Environ. 468-469, 1078-1085.
doi: 10.1016/j.scitotenv.2013.09.017

Hassoun-Kheir, N., Stabholz, Y., Kreft, J.-U., de la Cruz, R., Romalde, J. L., Nesme, J.,
et al. (2020). Comparison of antibiotic-resistant bacteria and antibiotic resistance genes
abundance in hospital and community wastewater: A systematic review. Sci. Total
Environ. 743, 140804. doi: 10.1016/j.scitotenv.2020.140804

Hayward, C. (2020). Water as a source of antimicrobial resistance and healthcare-
associated infections. Pathogens 9, 667. doi: 10.3390/pathogens9080667

Hirt, H., Greenwood-Quaintance, K. E., Karau, M. J., Till, L. M., Kashyap, P. C., Patel,
R, et al. (2018). Enterococcus faecalis Sex Pheromone cCF10 Enhances Conjugative
Plasmid Transfer In Vivo. mBio 9, €00037-e00018. doi: 10.1128/mBi0.00037-18

Hocquet, D., Muller, A., and Bertrand, X. (2016). What happens in hospitals does not
stay in hospitals: antibiotic-resistant bacteria in hospital wastewater systems. J. Hosp.
Infect. 93, 395-402. doi: 10.1016/j.jhin.2016.01.010

Holmes, A. H., Moore, L. S. P., Sundsfjord, A., Steinbakk, M., Regmi, S., Karkey, A.,
et al. (2016). Understanding the mechanisms and drivers of antimicrobial resistance.
Lancet 387, 176-187. doi: 10.1016/S0140-6736(15)00473-0

Hong, P. Y., Julian, T. R., Pype, M. L,, Jiang, S. C., Nelson, K. L., Graham, D., et al.
(2018). Reusing treated wastewater: Consideration of the safety aspects associated with
antibiotic-resistant bacteria and antibiotic resistance genes. Water 10, 244.
doi: 10.3390/w10030244

Huisman, J. S., Benz, F., Duxbury, S. J. N,, de Visser, J. A. G. M., Hall, A. R,, Fischer,
E. A. ], et al. (2022). Estimating plasmid conjugation rates: A new computational tool
and a critical comparison of methods. Plasmid 121, 102627. doi: 10.1016/
j.plasmid.2022.102627

Hunter, P. R, Wilkinson, D. C,, Catling, L. A., and Barker, G. C. (2008). Meta-
analysis of experimental data concerning antimicrobial resistance gene transfer rates
during conjugation. Appl. Environ. Microbiol. 74, 6085-6090. doi: 10.1128/
AEM.01036-08

Jacquiod, S., Brejnrod, A., Morberg, S. M., Abu Al-Soud, W., Sorensen, S. J., and
Riber, L. (2017). Deciphering conjugative plasmid permissiveness in wastewater
microbiomes. Mol. Ecol. 26, 3556-3571. doi: 10.1111/mec.14138

Jadeja, N. B., and Worrich, A. (2022). From gut to mud: dissemination of
antimicrobial resistance between animal and agricultural niches. Environ. Microbiol.
24, 3290-3306. doi: 10.1111/1462-2920.15927

Jiang, Q., Feng, M, Ye, C., and Yu, X. (2022). Effects and relevant mechanisms of
non-antibiotic factors on the horizontal transfer of antibiotic resistance genes in water
environments: A review. Sci. Total Environ. 806, 150568. doi: 10.1016/
j.scitotenv.2021.150568

Knight, G. M., Costelloe, C., Deeny, S. R., Moore, L. S. P., Hopkins, S., Johnson, A. P.,
et al. (2018). Quantifying where human acquisition of antibiotic resistance occurs: a
mathematical modelling study. BMC Med. 16, 137. doi: 10.1186/s12916-018-1121-8

Kosterlitz, O., and Huisman, J. S. (2023). Guidelines for the estimation and reporting
of plasmid conjugation rates. Plasmid 126, 102685. doi: 10.1016/j.plasmid.2023.102685

Larsson, D. G. J., Andremont, A., Bengtsson-Palme, J., Brandt, K. K., de Roda
Husman, A. M., Fagerstedt, P., et al. (2018). Critical knowledge gaps and research needs
related to the environmental dimensions of antibiotic resistance. Environ. Int. 117,
132-138. doi: 10.1016/j.envint.2018.04.041

Lerminiaux, N. A., and Cameron, A. D. S. (2019). Horizontal transfer of antibiotic
resistance genes in clinical environments. Can. J. Microbiol. 65, 34-44. doi: 10.1139/
cjm-2018-0275

Li, W,, and Zhang, G. (2022). Detection and various environmental factors of

antibiotic resistance gene horizontal transfer. Environ. Res. 212, 113267. doi: 10.1016/
j.envres.2022.113267

Lopatkin, A. J., Huang, S., Smith, R. P., Srimani, J. K., Sysoeva, T. A., Bewick, S., et al.
(2016a). Antibiotics as a selective driver for conjugation dynamics. Nat. Microbiol. 1,
16044. doi: 10.1038/nmicrobiol.2016.44

Lopatkin, A. J., Meredith, H. R., Srimani, J. K., Pfeiffer, C., Durrett, R., and You, L.
(2017). Persistence and reversal of plasmid-mediated antibiotic resistance. Nat.
Commun. 8, 1689. doi: 10.1038/s41467-017-01532-1

Lopatkin, A. J., Sysoeva, T. A., and You, L. (2016b). Dissecting the effects of
antibiotics on horizontal gene transfer: Analysis suggests a critical role of selection
dynamics. BioEssays 38, 1283-1292. doi: 10.1002/bies.201600133

Ma, Y., Ramoneda, J., and Johnson, D. R. (2023). Timing of antibiotic administration
determines the spread of plasmid-encoded antibiotic resistance during microbial range
expansion. Nat. Commun. 14, 3530. doi: 10.1038/s41467-023-39354-z

frontiersin.org


https://doi.org/10.1038/s41579-021-00650-4
https://doi.org/10.1038/s41579-021-00650-4
https://doi.org/10.1111/j.1574-6941.1997.tb00393.x
https://doi.org/10.1128/AEM.54.11.2756-2758.1988
https://doi.org/10.3389/fmicb.2019.02626
https://doi.org/10.1111/j.1574-6941.1995.tb00267.x
https://doi.org/10.1111/j.1574-6941.1995.tb00267.x
https://doi.org/10.1093/femsre/fux053
https://doi.org/10.1093/jac/dkx199
https://doi.org/10.1371/journal.pone.0225464
https://doi.org/10.1038/nrmicro3439
https://doi.org/10.1038/nrmicro3380
https://doi.org/10.1038/s41576-019-0108-4
https://doi.org/10.1093/femsec/fiy101
https://doi.org/10.1038/s41598-019-52947-3
https://doi.org/10.1038/s41598-019-52947-3
https://doi.org/10.1016/S1473-3099(18)30296-2
https://doi.org/10.1016/j.watres.2013.03.008
https://doi.org/10.1016/j.watres.2013.03.008
https://doi.org/10.1016/j.diagmicrobio.2013.11.011
https://doi.org/10.1016/j.scitotenv.2018.11.325
https://doi.org/10.1016/j.scitotenv.2018.11.325
https://doi.org/10.1128/AEM.00020-09
https://doi.org/10.1111/j.1365-2672.1992.tb01850.x
https://doi.org/10.1111/j.1574-6968.1999.tb13543.x
https://doi.org/10.1016/j.jhazmat.2023.132058
https://doi.org/10.1093/cid/cix132
https://doi.org/10.1016/j.jece.2018.02.028
https://doi.org/10.1021/es504422q
https://doi.org/10.1371/journal.pone.0123039
https://doi.org/10.1016/j.scitotenv.2013.09.017
https://doi.org/10.1016/j.scitotenv.2020.140804
https://doi.org/10.3390/pathogens9080667
https://doi.org/10.1128/mBio.00037-18
https://doi.org/10.1016/j.jhin.2016.01.010
https://doi.org/10.1016/S0140-6736(15)00473-0
https://doi.org/10.3390/w10030244
https://doi.org/10.1016/j.plasmid.2022.102627
https://doi.org/10.1016/j.plasmid.2022.102627
https://doi.org/10.1128/AEM.01036-08
https://doi.org/10.1128/AEM.01036-08
https://doi.org/10.1111/mec.14138
https://doi.org/10.1111/1462-2920.15927
https://doi.org/10.1016/j.scitotenv.2021.150568
https://doi.org/10.1016/j.scitotenv.2021.150568
https://doi.org/10.1186/s12916-018-1121-8
https://doi.org/10.1016/j.plasmid.2023.102685
https://doi.org/10.1016/j.envint.2018.04.041
https://doi.org/10.1139/cjm-2018-0275
https://doi.org/10.1139/cjm-2018-0275
https://doi.org/10.1016/j.envres.2022.113267
https://doi.org/10.1016/j.envres.2022.113267
https://doi.org/10.1038/nmicrobiol.2016.44
https://doi.org/10.1038/s41467-017-01532-1
https://doi.org/10.1002/bies.201600133
https://doi.org/10.1038/s41467-023-39354-z
https://doi.org/10.3389/frmbi.2024.1490240
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

Quon et al.

Maisonneuve, S., Ouriet, M. F., and Duval-Iflah, Y. (2000). Effects of yoghurt intake
on plasmid transfer and colonisation with transconjugants in the digestive tract of mice
associated with human faecal flora. FEMS Microbiol. Ecol. 31, 241-248. doi: 10.1016/
S0168-6496(00)00004-0

Mann, A., Nehra, K, Rana, J. S.,, and Dahiya, T. (2021). Antibiotic resistance in
agriculture: Perspectives on upcoming strategies to overcome upsurge in resistance.
Curr. Res. Microb. Sci. 2, 100030. doi: 10.1016/j.crmicr.2021.100030

Manyi-Loh, C., Mamphweli, S., Meyer, E., and Okoh, A. (2018). Antibiotic use in
agriculture and its consequential resistance in environmental sources: potential public
health implications. Molecules 23, 795. doi: 10.3390/molecules23040795

McEwen, S., and Collignon, P. (2018). Antimicrobial resistance: a one health
perspective. Antimicrobial Resistance Bacteria Livestock Companion Animals., 521-
547. doi: 10.1128/9781555819804.ch25

McManus, P. S., Stockwell, V. O., Sundin, G. W., and Jones, A. L. (2002). Antibiotic
use in plant agriculture. Annu. Rev. Phytopathol. 40, 443-465. doi: 10.1146/
annurev.phyto.40.120301.093927

Medina, W. R. M., Eramo, A., Tu, M., and L. Fahrenfeld, N. (2020). Sewer biofilm
microbiome and antibiotic resistance genes as function of pipe material, source of
microbes, and disinfection: field and laboratory studies. Environ. Sci. Water Res.
Technol. 6, 2122-2137. doi: 10.1039/DOEW00265H

Mobher, D., Shamseer, L., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., et al.
(2015). Preferred reporting items for systematic review and meta-analysis protocols
(PRISMA-P) 2015 statement. Syst. Rev. 4, 1-9. doi: 10.1186/2046-4053-4-1

Morales Medina, W. R., D’Elia, S., and Fahrenfeld, N. L. (2022). Accumulation of
SARS-coV-2 RNA in sewer biofilms. ACS EST Water 2, 1844-1851. doi: 10.1021/
acsestwater.1c00345

Moralez, J., Szenkiel, K., Hamilton, K., Pruden, A., and Lopatkin, A. J. (2021).
Quantitative analysis of horizontal gene transfer in complex systems. Curr. Opin.
Microbiol. 62, 103-109. doi: 10.1016/j.mib.2021.05.001

Nahim-Granados, S., Quon, H., Polo-Lopez, M. I, Oller, L, Agiiera, A., and Jiang, S.
(2024). Assessment of antibiotic-resistant infection risks associated with reclaimed
wastewater irrigation in intensive tomato cultivation. Water Res. 254, 121437.
doi: 10.1016/j.watres.2024.121437

Njage, P. M. K, and Buys, E. M. (2015). Pathogenic and commensal E scherichia coli
from irrigation water show potential in transmission of extended spectrum and AmpC
B-lactamases determinants to isolates from lettuce: ESBL and AmpC E. coli : irrigation
water to lettuce. Microb. Biotechnol. 8, 462-473. doi: 10.1111/1751-7915.12234

Njage, P. M. K., and Buys, E. M. (2017). Quantitative assessment of human exposure
to extended spectrum and AmpC B-lactamases bearing E. coli in lettuce attributable to
irrigation water and subsequent horizontal gene transfer. Int. J. Food Microbiol. 240,
141-151. doi: 10.1016/j.ijfoodmicro.2016.10.011

Ohlsen, K., Ternes, T., Werner, G., Wallner, U, Loffler, D., Ziebuhr, W., et al. (2003).
Impact of antibiotics on conjugational resistance gene transfer in Staphylococcus
aureus in sewage. Environ. Microbiol. 5, 711-716. doi: 10.1046/j.1462-
2920.2003.00459.x

Pinilla-Redondo, R., Cyriaque, V., Jacquiod, S., Sorensen, S. J., and Riber, L. (2018).
Monitoring plasmid-mediated horizontal gene transfer in microbiomes: recent
advances and future perspectives. PLASMID. 99, 56-67 doi: 10.1016/
j.plasmid.2018.08.002

Polianciuc, S. I, Gurzau, A. E, Kiss, B, Stefan, M. G., and Loghin, F. (2020).
Antibiotics in the environment: causes and consequences. Med. Pharm. Rep. 93 (3), 231
doi: 10.15386/mpr-1742

Pruden, A., Alcalde, R. E., Alvarez, P.].]., Ashbolt, N., Bischel, H., Capiro, N. L., et al.
(2018). An environmental science and engineering framework for combating
antimicrobial resistance. Environ. Eng. Sci. 35, 1005-1011. doi: 10.1089/ees.2017.0520

Quon, H., and Jiang, S. (2024). Quantitative Microbial Risk Assessment of
Antibiotic-Resistant E. coli, Legionella pneumophila, and Mycobacteria in
Nonpotable Wastewater Reuse Applications. Environ. Sci. 58 (29), 12888-12898. doi:
10.1021/acs.est.4c01690

Rice, E. W., Wang, P, Smith, A. L., and Stadler, L. B. (2020). Determining hosts of
antibiotic resistance genes: A review of methodological advances. Environ. Sci. Technol.
Lett. 7, 282-291. doi: 10.1021/acs.estlett.0c00202

Frontiers in Microbiomes

10

10.3389/frmbi.2024.1490240

Rittmann, B. E., Smets, B. F., and Stahl, D. A. (1990). The role of genes in biological
processes. Part 1. Env. Sci. Technol. 24, 7. doi: 10.1021/es00071a002

Samreen, A., Malak, H. A., and Abulreesh, H. H. (2021). Environmental
antimicrobial resistance and its drivers: a potential threat to public health. J. Glob.
Antimicrob. Resist. 27, 101-111. doi: 10.1016/j.jgar.2021.08.001

Sandaa, R.-A,, and Enger, @. (1994). Transfer in marine sediments of the naturally
occurring plasmid pRASI encoding multiple antibiotic resistance. Appl. Environ.
Microbiol. 60, 4234-4238. doi: 10.1128/aem.60.12.4234-4238.1994

Schoen, M. E,, Jahne, M. A,, Garland, J., Ramirez, L., Lopatkin, A. J., and Hamilton,
K. A. (2021). Quantitative microbial risk assessment of antimicrobial resistant and
susceptible staphylococcus aureus in reclaimed wastewaters. Environ. Sci. Technol. 55,
15246-15255. doi: 10.1021/acs.est.1c04038

Sheppard, R. J., Beddis, A. E., and Barraclough, T. G. (2020). The role of hosts,
plasmids and environment in determining plasmid transfer rates: A meta-analysis.
Plasmid 108, 102489. doi: 10.1016/j.plasmid.2020.102489

Simonsen, L., Gordon, D. M., Stewart, F. M., and Levin, B. R. (1990). Estimating the
rate of plasmid transfer: an end-point method. J. Gen. Microbiol. 136, 2319-2325.
doi: 10.1099/00221287-136-11-2319

Smets, B. F,, Rittmann, B. E,, and Stahl, D. A. (1990). The role of genes in biological
processes. Part 2. Env. Sci. Technol. 24, 8. doi: 10.1021/es00072a002

Sorensen, S., Bailey, M., Hansen, L., Kroer, N., and Wuertz, S. (2005). Studying
plasmid horizontal transfer in situ: A critical review. Nat. Rev. Microbiol. 3, 700-710.
doi: 10.1038/nrmicro1232

Sousa, J. M., Louren¢o, M., and Gordo, I. (2023). Horizontal gene transfer among
host-associated microbes. Cell Host Microbe 31, 513-527. doi: 10.1016/
j.chom.2023.03.017

Tamanai-Shacoori, Z., Arturo, M., Pommepuy, M., Mamez, C., and Cormier, M.
(1995). Conjugal transfer of natural plasmids between Escherichia coli strains in sterile
environmental water. Curr. Microbiol. 30, 155-160. doi: 10.1007/BF00296201

Thomas, C. M., and Nielsen, K. M. (2005). Mechanisms of, and Barriers to,
Horizontal Gene Transfer between Bacteria. Nat. Rev. Microbiol. 3, 711-721.
doi: 10.1038/nrmicro1234

Thorpe, K. E., Joski, P., and Johnston, K. J. (2018). Antibiotic-resistant infection
treatment costs have doubled since 2002, now exceeding $2 billion annually. Health Aff.
(Millwood) 37, 662-669. doi: 10.1377/hlthaff.2017.1153

Topp, E., Larsson, D. G. J., Miller, D. N, Van Den Eede, C., and Virta, M. P.]. (2018).
Antimicrobial resistance and the environment: assessment of advances, gaps and
recommendations for agriculture, aquaculture and pharmaceutical manufacturing.
FEMS Microbiol. Ecol. 94, fix185. doi: 10.1093/femsec/fix185

Townsend, J., Bohn, T., and Nielsen, K. (2012). Assessing the probability of detection
of horizontal gene transfer events in bacterial populations. Front. Microbiol. 3.
doi: 10.3389/fmicb.2012.00027

Vikesland, P. J., Pruden, A., Alvarez, P. J. J., Aga, D., Biirgmann, H., Li, X,, et al. (2017).

Toward a comprehensive strategy to mitigate dissemination of environmental sources of
antibiotic resistance. Environ. Sci. Technol. 51, 13061-13069. doi: 10.1021/acs.est.7b03623

von Wintersdorff, C. J. H., Penders, J., van Niekerk, J. M., Mills, N. D., Majumder, S., van
Alphen, L. B,, et al. (2016). Dissemination of antimicrobial resistance in microbial ecosystems
through horizontal gene transfer. Front. Microbiol. 7. doi: 10.3389/fmicb.2016.00173

Wei, Z., Feng, K., Wang, Z., Zhang, Y., Yang, M., Zhu, Y.-G,, et al. (2021). High-
throughput single-cell technology reveals the contribution of horizontal gene transfer

to typical antibiotic resistance gene dissemination in wastewater treatment plants.
Environ. Sci. Technol. 55, 11824-11834. doi: 10.1021/acs.est.1c01250

Weingarten, R. A., Johnson, R. C,, Conlan, S., Ramsburg, A. M., Dekker, J. P., Lau, A.
F., et al. (2018). Genomic analysis of hospital plumbing reveals diverse reservoir of
bacterial plasmids conferring carbapenem resistance. Mbio 9, €02011-e02017.
doi: 10.1128/mBi0.02011-17

Yim, G., Huimi Wang, H., and Davies, J. (2006). The truth about antibiotics. Int. J.
Med. Microbiol. 296, 163-170. doi: 10.1016/j.jmm.2006.01.039

Zhong, X., Droesch, J., Fox, R., Top, E. M., and Krone, S. M. (2012). On the meaning
and estimation of plasmid transfer rates for surface-associated and well-mixed bacterial
populations. J. Theor. Biol. 294, 144-152. doi: 10.1016/j.jtbi.2011.10.034

frontiersin.org


https://doi.org/10.1016/S0168-6496(00)00004-0
https://doi.org/10.1016/S0168-6496(00)00004-0
https://doi.org/10.1016/j.crmicr.2021.100030
https://doi.org/10.3390/molecules23040795
https://doi.org/10.1128/9781555819804.ch25
https://doi.org/10.1146/annurev.phyto.40.120301.093927
https://doi.org/10.1146/annurev.phyto.40.120301.093927
https://doi.org/10.1039/D0EW00265H
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1021/acsestwater.1c00345
https://doi.org/10.1021/acsestwater.1c00345
https://doi.org/10.1016/j.mib.2021.05.001
https://doi.org/10.1016/j.watres.2024.121437
https://doi.org/10.1111/1751-7915.12234
https://doi.org/10.1016/j.ijfoodmicro.2016.10.011
https://doi.org/10.1046/j.1462-2920.2003.00459.x
https://doi.org/10.1046/j.1462-2920.2003.00459.x
https://doi.org/10.1016/j.plasmid.2018.08.002
https://doi.org/10.1016/j.plasmid.2018.08.002
https://doi.org/10.15386/mpr-1742
https://doi.org/10.1089/ees.2017.0520
https://doi.org/10.1021/acs.estlett.0c00202
https://doi.org/10.1021/es00071a002
https://doi.org/10.1016/j.jgar.2021.08.001
https://doi.org/10.1128/aem.60.12.4234-4238.1994
https://doi.org/10.1021/acs.est.1c04038
https://doi.org/10.1016/j.plasmid.2020.102489
https://doi.org/10.1099/00221287-136-11-2319
https://doi.org/10.1021/es00072a002
https://doi.org/10.1038/nrmicro1232
https://doi.org/10.1016/j.chom.2023.03.017
https://doi.org/10.1016/j.chom.2023.03.017
https://doi.org/10.1007/BF00296201
https://doi.org/10.1038/nrmicro1234
https://doi.org/10.1377/hlthaff.2017.1153
https://doi.org/10.1093/femsec/fix185
https://doi.org/10.3389/fmicb.2012.00027
https://doi.org/10.1021/acs.est.7b03623
https://doi.org/10.3389/fmicb.2016.00173
https://doi.org/10.1021/acs.est.1c01250
https://doi.org/10.1128/mBio.02011-17
https://doi.org/10.1016/j.ijmm.2006.01.039
https://doi.org/10.1016/j.jtbi.2011.10.034
https://doi.org/10.3389/frmbi.2024.1490240
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

	Quantifying conjugation rates in clinical and environmental matrices: a systematic review to inform risk assessment
	1 Introduction
	2 Methods
	2.1 Data extraction and analysis
	2.2 Conjugation rate analysis for comparison

	3 Results
	3.1 Conjugation frequencies
	3.1.1 Environmental frequencies
	3.1.2 Clinical frequencies
	3.1.3 Animal/agricultural frequencies

	3.2 Conjugation rates

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


