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Executive Summary

Antimicrobial resistance (AMR) constitutes an escalating global health crisis, and pollution can
increase human health risks via environmental development and dissemination of antibiotic
resistance. Apart from antibiotic residues directly selecting for antibiotic resistance, co-
selective agents such as metals, biocides, or pharmaceuticals may also expand environmental
reservoirs of AMR. Hence, the extensive use of heavy metals associated with various industrial
and agricultural activities has raised concerns about the co-selection of antibiotic resistance
in aquatic habitats. This report aims to address this issue by presenting some best practice
guidelines for the evaluation of co-selection potentials in aquatic microbiomes based on
activities from the REWA project. Most of the methods used for studying co-selection are
similar to those used for studying AMR in general, and this document should therefore be
read in connection with D4.1, where detailed protocols can be found. In addition, we report
our evaluations on co-selective potentials in respective case studies. In conclusion, our results
suggest a low potential of toxicants to co-select antibiotic resistance in the tested municipal
wastewater effluent samples, and we did not obtain any evidence suggesting that vanadium
from a Finnish mining site could co-select antibiotic resistance in the studied mining-impacted
waters.
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1. Introduction

Antibiotic resistance is an escalating global health crisis, and its impacts reach far beyond
clinical settings (World Health Organization, 2015). In recent years, the focus on antibiotic
resistance has expanded to encompass a broader ecological perspective, recognizing the
significant role that non-clinical environments, such as aquatic habitats, play in the
dissemination and persistence of antibiotic resistance genes (ARGs) (Larsson and Flach, 2022).
Moreover, as we strive to understand and mitigate this growing threat, it has become
increasingly evident that we cannot adequately address the issue without considering the
concept of co-selection.

Co-selection is the ability of other pollutants besides antibiotics to select for antibiotic
resistance. This can for instance be metals and biocides and can occur through various
mechanisms, such as if ARGs and metal or biocide resistance genes are co-located on the
same genetic element (co-resistance), or if the same resistance mechanism gives resistance
to both metals and antibiotics (cross-resistance) (Baker-Austin et al., 2006). Moreover, the
ability of antibiotics to select for antibiotic resistance, especially in environmental settings, is
dependent on many factors, including the biodegradation of antibiotics and their sorption to
organic particles in the environment (Davies and Davies, 2010; Song et al., 2017).
Consequently, co-selection has gained increasing attention as a key player in antibiotic
resistance dissemination in the environment.

The extensive use of heavy metals in various industrial, agricultural, and municipal activities
has raised concerns about co-selection of antibiotic resistance in aquatic habitats, which serve
as reservoirs for diverse microbial communities (Seiler and Berendonk, 2012). The intricate
interplay between heavy metals and antibiotics in these environments poses an intricate
challenge that calls for a comprehensive understanding and well-defined guidelines for
assessment.

This report aims to address this pressing issue by presenting a best practice guideline with
standardized protocols for the evaluation of co-selection potentials in aquatic microbiomes
as used in the REWA project. Most of the methods used for studying co-selection are the same
as those used for studying antibiotic resistance in general, and this document should
therefore be read in connection with D4.1. In addition, we report our evaluations on co-
selective potentials in respective case studies.

The REWA consortium brings together four Research and Technology Development (RTD)
partners and associate partners, providing a multidisciplinary approach with expertise in
water engineering, chemistry, materials synthesis, and microbial ecology.

This project is funded by the European Commission, the Academy of Finland (Finland), the
Ministry of Health (Israel), Innovationsfonden Denmark (Denmark), and the Water Research
Commission (South Africa) under the 2020 Aquatic Pollutants Joint call of the Aquatic
Pollutants ERA-NET Cofund (GA No 869178). This ERA-NET initiative is an integral part of the



activities developed by the Water, Oceans, and Antimicrobial Resistance (AMR) Joint
Programming Initiatives (JPIs).

The project partners are:

- Tiina Leiviska, University of Oulu, Finland (Coordinator)

- Kristian Koefoed Brandt, University of Copenhagen, Denmark
- Giora Rytwo, MIGAL - Galilee Research Institute, Israel

- Bice Martincigh, University of KwaZulu-Natal, South Africa

2. Methods for evaluating co-selection potentials in aquatic
environments

2.1. Controlled microcosms vs. real-life environmental aquatic samples

As reported in D4.1., it is important to consider experimental setup when studying co-
selection as different approaches have different advantages and disadvantages. As discussed
previously, either controlled microcosms or real-world samples can be used to study
antibiotic resistance, each with pros and cons. Microcosms offer precise control over
variables, allowing for focused, replicable studies, but may oversimplify natural ecosystems.
Real-world samples provide ecological realism, essential for understanding resistance in
complex environments, though they are harder to control and collect. Combining both
approaches offers a fuller understanding of resistance in aquatic environments.

2.2. Assessing Co-Selective Pressures by Whole-Cell Bioreporters

Similarly as described in D4.1, it is essential to consider a pollutant's bioavailability when
assessing its environmental impact, as only the bioavailable fraction can directly impact
microorganisms in a given environment (Song et al., 2017). This is also the case when studying
co-selection for antibiotic resistance, by for instance metals. In the REWA project, we are
equipped with a range of whole-cell bioreporters useful for studying selective pressures
provided by a range of compounds, including Cu, Zn, and general toxicity, and we recommend
using these when exploring co-selection potentials. The bioreporter protocols can be found
inD.4.1.

2.3. Pollution-Induced Community Tolerance (PICT)

PICT is also a very useful technique to study co-selection, as it can be used to study how a
pollutant of interest (e.g. metals) affects antibiotic tolerance in a microbial community. PICT
is especially useful for studies of bacterial community tolerance to essential metals such as
Cu and Zn, as genetic prediction of resistance to these metals is complicated by the fact that
the same gene may be used for cellular homeostasis at low metal concentrations or for metal
resistance at high concentrations. In the REWA project, we recommend using the radioactive-
labeled leucine incorporation technique, which successfully has been utilized to study co-
selection by Zn and Cu previously (Song et al., 2017). The full PICT protocol can be found in
D4.1. (Protocol 4).



2.4. Co-selection Potential in Bacterial Isolates

2.4.1. Bacterial Isolation and Phenotypic Resistance Screening

Phenotypical resistance (e.g. metal and antibiotic resistance) in isolates is a useful technique
for investigating co-selection. As already reported in D.4.1., the isolates can be obtained
directly from environments polluted with co-selective agents (e.g. metals) or from controlled
microcosm setups exposed to the same compound. The resistance patterns of the isolates
can then be compared to a set of isolates obtained from a non-polluted reference site to
determine if the pollutant has impacted the level of co-occurring resistances (e.g. metal and
antibiotic resistance) in isolates. The procedure for obtaining pure cultures and phenotypical
screening can be found in Protocols 5 and 6 in the appendix of D4.1.

2.4.2. Aeromonas as an Indicator Organism for Co-selection in Aquatic Environments

As already described in D4.1., it can be challenging to compare phenotypic resistance patterns
in isolates due to variations in resistance patterns among different species. Therefore, in the
REWA project, we recommend selecting a specific indicator organism, as this allows for more
direct comparisons between polluted and non-polluted environments. As mentioned in D4.1,
we recommend using the genus Aeromonas as an indicator group in aquatic environments.
Protocol 5 can be found in the appendix of D4.1, and describes how Aeromonas species can
be isolated from aquatic samples using ADA medium, while the CLSI guidelines should be used
for resistance testing in Aeromonas spp. strains (Hindler and Richter, 2016; Xu et al., 2025)

2.4.3. Comparative Genomics to Investigate Genetics behind co-resistance

Similar to investigating antibiotic resistance in isolates, it can be useful to use comparative
genomics to investigate the genes involved in co-selection. The approach for conducting
comparative genomics is similar to that described in D.4.1, and databases such as BacMet
(http://bacmet.biomedicine.gu.se/) can be used to uncover potential metal or biocide

resistance genes that may be connected to the observed resistance traits.

2.5. Co-selection of ARGs in aquatic microbial communities

Co-selection can also be explored in the aquatic microbial community using whole-
community DNA-based methods as already described in D4.1. This entails the retrieval of DNA
from a sample of interest e.g. water exposed to specific pollutants (e.g. metals) or treatment
as already described in D4.1. Subsequently, the impact of the exposure on co-selection for
antibiotic resistance genes (ARGs) can be evaluated by quantification of ARGs through
methods such as high-throughput quantitative polymerase chain reaction (HT-qPCR) as
detailed in D4.1. In the REWA project, we recommend using a high-throughput gPCR
SmartChip system as described in D4.1. Recently, there have also been developed HT-gPCR
Smartchip systems capable of quantifying metal resistance genes and virulence factor genes
(Zhu et al., 2022; Xie et al., 2023). Especially the HT-gPCR system for metal resistance genes
can be useful for studying co-selection, as a link between the abundance and diversity of
metal and antibiotic resistance genes can be explored (Brinck et al., 2023; Forouzandeh et al.,
2023). The protocol for using the HT-qPCR Smartchip system is described in D4.1. Finally, it is
also crucial to consider impacts on the microbial community composition when studying co-
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selection. In the REWA project, we recommend using amplicon sequencing to study the
aquatic microbial community composition as already described in D4.1.

3. Biotoxicity and Co-selection potentials in REWA case studies

3.1. Investigation on Biotoxicity in Case Study 2.

In the original proposal, the intent was to study co-selection by Cu and Zn using samples from
case studies #2 and #4. However, upon further evaluation of the source material it was
discovered that the wastewater in Case Study #2 already had undergone membrane filtration,
and the bacterial density would therefore be too low to use DNA-based or cultivation-based
methods. Instead, we quantified chemical wastewater quality using the sensitive
Nitrosomonas europaea bioreporter assay described in D4.1. Toxicity levels were quantified
both before and after treatment with the magnetite-pinebark biosorbent tested in case study
#2. The results are reported in D3.2, and a recently published scientific paper
(Mohammadzadeh et al., 2025). Our results suggest a low potential of toxicants to co-select
antibiotic resistance in the tested wastewater.

3.2. Investigation on Co-selection by Vanadium in Case Study 4.

For case study #4, the source material was changed to vanadium-contaminated wastewater
based on decisions taken by the project coordinator. Very little is known about the impact of
vanadium on microbial communities and especially on co-selection for antibiotic resistance
(Bell et al., 2004; Chen et al., 2021; Zhang et al., 2023). We, therefore, conducted basic
experiments to investigate the toxicity and co-selective abilities of vanadium in the microbial
community by using a combination of whole-cell bioreporter and phenotypical resistance
screening of Aeromonas spp. isolates.

As already reported in D3.3, we used a bioluminescence assay with a genetically modified
Nitrosomonas europaea bioreporter strain to investigate the biotoxicity of vanadium in
aqueous solutions. In brief, high concentrations of vanadium (EC50 ~2682 mg/L) inhibited
metabolic activity in N. europaea (i.e. bioluminescence inhibition), but effective
concentrations of vanadium were much higher than typically found in the environment
(Zhang et al., 2023). When testing vanadium-contaminated water from the Mustavaara
Vanadium mine, we found moderate biotoxicity (25-29% bioluminescence inhibition).
However, this toxicity was likely caused by other chemicals than vanadium, as removal of
vanadium from the water with Acacia tannin coagulants did not reduce biotoxicity.

To further investigate the potential for co-selection of Vanadium and antibiotic resistance, we
explored the occurrence of phenotypical vanadium (NaVOs) and antibiotic resistance in
Aeromonas spp. Isolates (Figure 1). The isolates were obtained from vanadium-contaminated
sediment and non-contaminated reference sediment samples collected at the Muustavaara
Vanadium mining site using the protocols referred to in sections 2.4.1. and 2.4.2 (see D4.1 for
further details). Results showed that all isolates exhibited a limited level of vanadium
resistance with very little difference between isolate origin (i.e. V contaminated or reference
sediment). Moreover, the isolates in general exhibited low levels of antibiotic resistance, with
only chloramphenicol resistance detected (6 % of the isolates). Overall, environmental



concentrations of vanadium caused negligible toxicity to bacteria and we did not observe a
linkage between resistance to vanadium and antibiotics in the present study.

Level of resistance among Aeromonas spp.
isolates

Resistant isolates (%)
e 14
]
]

B Control sediment (n=68) High Vanadium sediment (n=82)

Figure 1: Barplot illustrating the percentage of Aeromonas spp isolates deriving from the Mustaavaara
Vanadium mining site resistant to a range of antibiotics and sodium Meta vanadate (NaVOs). High
Vanadium sediment = isolates deriving from sediment samples from a ditch containing ~40 mg/L of
Vanadium. Control sediment = isolates deriving from sediment samples from a stream containing low
levels of Vanadium (~0.3 mg/L).
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