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ARTICLE INFO ABSTRACT
Editor: Abasiofiok Mark Ibekwe Bacteria must face and adapt to a variety of physicochemical conditions in the environment and during infection.

A key condition is the concentration of dissolved oxygen, proportional to the partial pressure of oxygen (POs),
which is extremely variable among environmental biogeographical areas and also compartments of the human

Keywords: and animal body. Here, we sought to understand if the phenotype of resistance determinants commonly found in
Oxygen Enterobacterales can be influenced by oxygen pressure. To do so, we have compared the MIC in aerobic and
Anaerobiosis

anaerobic conditions of isogenic Escherichia coli strains containing 136 different resistance genes against 8
antibiotic families. Our results show a complex landscape of changes in the performance of resistance genes in
anaerobiosis. Certain changes are especially relevant for their intensity and the importance of the antibiotic
family, like the large decreases in resistance observed against ertapenem and fosfomycin among blaymy

Antimicrobial resistance
Physico-chemical conditions
Antimicrobial resistance genes
Environmental pharmacokinetics

* Corresponding authors at: Molecular Basis of Adaptation, Departamento de Sanidad Animal, Facultad de Veterinaria de la Universidad Complutense de Madrid,
Spain.
E-mail addresses: alberhip@ucm.es (A. Hipdlito), jaescudero@ucm.es (J.A. Escudero).
! These authors have contributed equally.

https://doi.org/10.1016/j.scitotenv.2025.179523

Received 13 January 2025; Received in revised form 22 April 2025; Accepted 22 April 2025

Available online 27 April 2025

0048-9697/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).


mailto:alberhip@ucm.es
mailto:jaescudero@ucm.es
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2025.179523
https://doi.org/10.1016/j.scitotenv.2025.179523
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2025.179523&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

L. Ortiz-Miravalles et al.

Integrons
Antibiotics

Science of the Total Environment 979 (2025) 179523

B-lactamases and certain fos genes, respectively; however, the blapxa.4g p-lactamase from the clinically relevant
pOXA-48 plasmid conferred 4-fold higher ertapenem resistance in anaerobiosis. Strong changes in resistance

patterns in anaerobiosis were also conserved in Klebsiella pneumoniae. Our results suggest that anaerobiosis is a
relevant aspect that can affect the action and selective power of antibiotics for specific AMRs in different

environments.

Antimicrobial resistance (AMR) is one of the major health concerns
of the 21°% century globally, according to the World Health Organization
(WHO) (WHO, 2023; Naghavi et al., 2024). The dissemination of AMR
occurs in the global human-animal-environmental continuum, as
considered in the One Health perspective (Hernando-Amado et al.,
2019; Zhu et al., 2017), yet the physicochemical conditions of these
different compartments are diverse. In humans and animals AMR fre-
quency is mostly determined by antibiotic consumption, following se-
lection of bacteria harboring antibiotic resistance genes (ARGs),
frequently harbored in mobile genetic platforms such as plasmids and
integron cassettes (Escudero et al., 2015; MacLean and Millan, 2019).
Additionally, growing antibiotic pollution in the environment also ex-
erts a significant selective pressure on AMR bacteria (Berendonk et al.,
2015). The environmental pharmacokinetics of antibiotics remain
poorly explored, and the laboratory conditions in which the suscepti-
bility of pathogenic bacteria is tested (based on MIC, minimal inhibitory
concentration), strongly differ from the variable ecological compart-
ments, in animal body sites, or in the environment at large (Berryhill
et al., 2023).

One of these unmet conditions in laboratory tests is the variability of
oxygen concentrations. Here, we sought to understand if the detoxifying
performance of ARGs commonly found in Enterobacterales can be
influenced by dissolved oxygen (directly proportional to the PO,, the
partial pressure of oxygen) in such a way that it contributes in various
degrees to the selection of AMR in aerobic/anaerobic conditions.

To investigate the impact of anaerobiosis on resistance genes, we
used mainly our pMBA collection (Hipolito et al., 2023) that is
composed of 136 isogenic strains of E. coli MG1655, each containing a
particular antimicrobial resistance cassette (ARC) as the first cassette of
a class 1 integron borne by the pMBA plasmid vector (Hipodlito et al.,
2022). The collection contains resistance genes against 8 antimicrobial
families covering a broad variety of mechanisms. We have also included
other clinically relevant AMR plasmids and genes. We have determined
the MIC levels of every member in the collection in the presence and
absence of oxygen (Fig. 1). As a control, a strain containing the empty
PMBA vector was included. To rid our analysis of the potential effects of
anaerobiosis on the bacterium’s resistance -and not in the gene’s func-
tion- the performance of an AMR gene is measured as the fold-increase in
resistance it confers compared to the empty pMBA in a given environ-
mental condition. It is noteworthy that the strain containing pMBA
reproduced the effect of anaerobiosis found in E. coli without pMBA,
allowing to rule out confounding effects of the vector (Fig. 1A, Supple-
mentary Fig. S1). Additionally, we used RT-qPCR of the gfp gene in the
empty pMBA (Carvalho et al., 2024) to verify that the PcS promoter
within the intl1 gene is not affected by oxygen availability (Supple-
mentary Fig. S2). Our data show that several ARCs varied their anti-
microbial resistance effect according to oxygen availability
(Supplementary Figs. S3 to S6). For example, the aminoglycoside
resistance cassette aacA56 (Fig. 1B and C) increases 8-fold the MIC to
amikacin in the absence of oxygen, enhancing the effect of energy-
dependent antibiotic reduced uptake. In addition, some families of
ARCs showed opposite trends in resistance in anaerobiosis: different
variants of the metallo-p-lactamase blayyy and blayyp.o were less efficient
in anaerobiosis, reducing their performance against ertapenem between
8 and 64-fold on average (Fig. 1B and C). A similar decrease in resistance
was observed for several fosfomycin resistance genes (fos) in anaerobi-
osis -with the exception of fosE, that showed a 4-fold increase (Figs. 1B).
Because both blaypy and fos encode metalloenzymes (that use

respectively Zn?* and Mn?* as cofactors) it is tempting to speculate that
metal coordination is being affected in anaerobiosis.

At least 8 ARCs showed strong changes in their performance in
anaerobiosis (defined as fold changes >8-fold between conditions)
(Fig. 1C). This can be of clinical relevance, as carbapenemases inacti-
vating last resource antimicrobial agents, such as blaynys and blapvp-2,
confer lower resistance levels in anaerobiosis. Our data suggests that
bacteria carrying these metallo-p-lactamase genes could become sus-
ceptible to drugs such as ertapenem in anaerobic compartments of the
animal or human body (such as the large intestine), including infection
sites or in particular environmental spaces. Yet, the conventional anti-
biogram would yield an ertapenem resistance phenotype, wrongly pre-
venting clinicians from using a possibly successful drug. To broaden our
analysis beyond integron genes, we also studied the effect of oxygen on
the performance of widespread resistance determinants such as NDM-1,
KPC-2 and OXA-48 p-lactamases, and the colistin resistance gene mcr-1.
While blagpc.2 does not modify its performance against ertapenem across
conditions, blaypy.1 shows a 4-fold decrease in resistance in anaerobi-
osis (Fig. 2A), in accordance with our previous observation that metallo-
B-lactamases VIM and IMP are less functional in anaerobic environ-
ments. The opposite trend is observed for OXA-48: plasmid pOXA-48
confers resistance to ertapenem in E. coli under anaerobic conditions
but the strain is considered susceptible to this antibiotic under aerobic
conditions. This is in accordance with our results for OXA-9 (Fig. 1 B and
C). A similar phenomenon is observed for plasmid R388 (Avila and de la
Cruz, 1988) containing blaygg.1, where resistance to p-lactam antibiotic
ceftazidime increases in anaerobiosis (Fig. 2A). Last, the resistance
profile of mcr-1 showed a mild (2-fold) increase in anaerobic conditions
(Fig. 2A).

To test if these results are conserved in other Enterobacterales, we
selected the ARCs showing >8-fold change between conditions in E. coli
and introduced them in strain ATCC23357 of Klebsiella pneumoniae
(Supplementary Fig. S7). The trends in resistance changes were similar
between both species (Fig. 2B).

In this work we show how oxygen availability, as an example of
physico-chemical conditions of ecosystems can influence AMR. Our re-
sults may have implications in clinical treatments but also in environ-
mental settings. Indeed, in natural water bodies the amount of dissolved
oxygen depends on the depth of the water column and the action of
winds, waves, photosynthetic organisms, temperature, and salinity.
Water bodies are anthropogenically polluted with antibiotics and
antibiotic-resistant bacteria, many of them originating from human and
animal microbiota (Baquero et al., 2008). Hence, oxygen availability
can influence selection of AMR organisms in the environment, in
particular in sewage and sludge water treatment plants, that are
frequently based on treatments decreasing dissolved oxygen (Radetic,
2020). Altogether, this means that the possibility of modifying the effect
on the AMR genes is ecologically and geographically dependent, and
AMR surveillance research on the relation of oxygen and the abundance
of AMRs should probably be developed in the near future (Sperling et al.,
2015). Finally, we should mention the consequences of global warming,
increasing bacterial growth but reducing the availability of dissolved
oxygen in different biogeographical scenarios, thus altering the envi-
ronmental selection of AMR (Larsson and Flach, 2022).
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Fig. 1. Anaerobiosis affects ARC’s function in E. coli. A) Heatmap showing the fold-change in resistance of E. coli MG1655 -with and without pMBA- between
anaerobic and aerobic conditions against 18 antimicrobials (KAN: kanamycin, TOB: tobramycin, AMK: amikacin, GEN: gentamicin, STR: streptomycin, APR:
apramycin, AMX: amoxicillin, CEC: cefaclor, CAZ: ceftazidime, ETP: ertapenem, ATM: aztreonam, CHL: chloramphenicol, TMP: trimethoprim, ERY: erythromycin,
AZM: azithromycin, FOF: fosfomycin, CHX: chlorhexidine, RIF: rifampicin). Numbers in each square indicate the fold-change in resistance between anaerobic and
aerobic conditions. B) Heatmap showing the resistance profile of each ARC in anaerobiosis, normalized by its effect in aerobic conditions. Purple indicates that an
ARC confers a higher resistance increase (compared to pMBA) in anaerobic conditions than in aerobic conditions, while green represents a lower resistance increase
(compared to pMBA) in anaerobiosis compared to aerobiosis. Grey squares (ND = non determined) depict cases for which a precise MIC could not be determined
(strains showing growth at the highest concentration of antibiotic tested) in any of both conditions. Symbols > and < are used to indicate strains that grew at the
highest concentration of antibiotic tested in anaerobic or aerobic conditions respectively. A hierarchical clustering tree showing protein sequence similarity is shown
in the left side of each panel for (from left to right) aminoglycoside resistance cassettes, f-lactam resistance cassettes, other ARCs. C) MIC fold change (compared to
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PMBA) in aerobiosis and anaerobiosis of the subset of ARCs, showing at least an 8-fold difference between conditions. Points represent the mode of at least three

biological replicates.
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Fig. 2. Anaerobiosis modulates antimicrobial susceptibility across different species. A) MIC of E. coli MG1655 harboring clinically relevant resistance genes and
plasmids, against several antimicrobials. Bars represent the mode of three biological replicates (black dots). Light and dark colored bars represent aerobic and
anaerobic measures respectively. S and R letters stand for susceptible and resistant according to EUCAST clinical breakpoints. A scheme illustrating the genetic
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