N
N

N

HAL

open science

How mineral induced antibiotic transformation products
impact bacterial growth and denitrification activity

Chen Chen, Céline Roose-Amsaleg, Khalil Hanna, Anniet M. Laverman

» To cite this version:

Chen Chen, Céline Roose-Amsaleg, Khalil Hanna, Anniet M. Laverman. How mineral induced an-
tibiotic transformation products impact bacterial growth and denitrification activity. Environmental
Science and Pollution Research, 2024, 31 (28), pp.41025-41031.

04614318

HAL Id: hal-04614318
https://hal.science/hal-04614318v1

Submitted on 4 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

10.1007/s11356-024-33908-4 .  hal-


https://hal.science/hal-04614318v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

10

12

14

16

How mineral induced antibiotic transformation products
impact bacterial growth and denitrification activity

Chen Chen'?, Celine Roose-Amsaleg?, Khalil Hanna?, Anniet Metteke Laverman?

'Univ Rennes, CNRS, ECOBIO - UMR 6553, F-35000 Rennes, France

2Univ Rennes, Ecole Nationale Supérieure de Chimie de Rennes, CNRS, ISCR — UMR6226,
F-35000 Rennes, France

Corresponding author: Anniet Metteke Laverman Anniet.laverman@univ-rennes.fr



mailto:Anniet.laverman@univ-rennes.fr

18

20

22

24

26

28

30

32

34

36

38

40

42

44

46

Abstract

The abiotic transformations of quinolones and tetracyclines facilitated by redox-active
minerals has been studied extensively, however limited information is available regarding the
antimicrobial activity and toxicity of their resultant transformation products. In this study, we
first investigated the mechanisms underlying the transformation of two commonly used
antibiotics, ciprofloxacin (CIP) and tetracycline (TC), by the ubiquitous redox soil mineral,
birnessite (MnQ,). Subsequently, we evaluated the impact of these transformation products
on both the growth and activity of the environmental denitrifier Pseudomonas veronii.
Following the reaction with birnessite, four transformation products for CIP and five for TC
were identified. Remarkably, the antibacterial activity of both CIP and TC was lost upon the
formation of transformation products during their interaction with birnessite. This loss of
antimicrobial efficacy was associated with specific chemical transformations, such as the
opening of the piperazine ring for CIP and hydroxylation and demethylation for TC.
Interestingly, denitrifying activity, quantified in terms of nitrate reduction rates, remained
unaffected by both CIP and TC at low concentrations that did not impact bacterial growth.
However, under certain conditions, specifically at low concentrations of CIP, the second step
of denitrification—nitrite reduction—was hindered, leading to the accumulation of nitrite.
Our findings highlight that the transformation products induced by the mineral-mediated
reactions of CIP or TC lose the initial antibacterial activity observed in the parent compounds.
This research contributes valuable insights into the intricate interplay between antibiotics,
redox-active minerals, and microbial activity in environmental systems.

Keywords: antibiotic; abiotic degradation; minerals; nitrate reduction; nitrite production;
environmental bacteria.
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1. Introduction

The extensive use of antibiotics and their subsequent presence in the environment
(Kovalakova et al., 2020; Kummerer, 2009) as well as their impact on environmental bacteria
(Kim and Carlson, 2007) are of increasing concern. Although the abiotic transformation of
antibiotics has been documented (Loffler et al., 2023), little is known about the impact of
these transformation products on microbial communities and ecosystem functioning. Two
frequently detected antibiotics in the environment are the fluoroquinolone ciprofloxacin (CIP)
and tetracycline (TC). CIP and TC transformation products have been detected in the
environment, reaching ng-pug L concentrations (Loffler et al., 2023), so far the possible
antimicrobial and ecotoxicological effects of these products remain largely unstudied.

Tetracyclines possess connected ring systems and are amphoteric molecules with
multiple ionizable functional groups, inhibiting bacterial protein synthesis by binding 30S and
50S ribosome subunits. Quinolones interfere in bacterial DNA replication and are electron
donor—acceptor compounds with the piperazinyl group serving as the electron donor and
carboxylic group as the electron acceptor in the neutral and zwitterion forms. Both CIP and TC
have high adsorption capacities towards soil and sediment (Sassman and Lee, 2005; Zhou et
al., 2011) and can be transformed upon interactions with environmental mineral surfaces,
such as hematite (a-Fe;03) and birnessite (6-MnO,) (Chen and Huang, 2011; Martin et al.,
2015; Wang et al., 2016; Zhou et al., 2019). Generally, binding of redox-active antibiotics to
Fe(lll) or Mn(IV) oxides is followed by an electron transfer process resulting in the concomitant
oxidation of sorbed compound and reduction of surface-bound metal. This electron exchange
forms a radical, followed by a series of reactions including radical coupling, fragmentation,
substitution and elimination to generate multiple byproducts (Li et al., 2022).

To the best of our knowledge, the impact of mineral induced CIP and TC transformation
products on environmental bacteria, particularly beneficial microbes playing a role in the
biogeochemical cycling of elements, has not been investigated. The only documented study
examining the effects of manganese oxide-induced CIP transformation products tested the
acute toxicity of the model organism Vibrio fischeri, suggesting a decrease in toxicity (Deng et
al., 2017). Therefore, the goal of the current study was to investigate the effects of mineral
induced transformation products on both bacterial growth and activity of an environmental
relevant denitrifying bacterial isolate. Manganese oxide (birnessite), which is ubiquitous in
soils and sediments, and was used as a redox-active mineral (Post, 1999). The Minimum
Inhibiting Concentration (MIC), i.e. the concentration that prevents growth, of the
environmental isolate Pseudomonas veronii towards CIP or TC was determined by broth
micro-dilution susceptibility method (Reller et al., 2009; Wiegand et al., 2008). The
antimicrobial activity of the corresponding transformation products were evaluated applying
the same approach and compared CIP and TC. The toxicity of CIP or TC and their
transformation products was also determined on the nitrate reducing and intermediate nitrite
producing activity of P. veroniiin mineral medium at CIP and TC concentrations below the MIC,
allowing growth. These results are a first attempt to assess the antimicrobial activity of
mineral induced transformation products on the growth and activity of environmental
bacteria and processes.

2. Material and Methods

2.1. CIP and TC transformation in the presence of birnessite
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redox-active-mineral. Acid birnessite was synthesized by reacting KMnO, and HCl as described
in previous studies (McKenzie, 1971). The purity of synthesized birnessite was confirmed by
powder X-ray diffraction (XRD). The N, Brunauer-Emmett-Teller (BET) specific surface area of
the synthetic acid birnessite was 65 + 1 m? g%,

CIP and TC transformations were carried out in 15 mL polyethylene tubes, wrapped with
aluminum foil to eliminate the possibility of a photolysis reaction. The pH of the suspensions
was adjusted to the desired values over the reaction time using an auto pH titrator with
addition of small volumes of HCI (0.1 M) or NaOH (0.1 M) solutions. Aliquots of solution were
periodically withdrawn and filtered through a 0.20 um membrane filter for analysis of
antibiotic concentration and identification of transformation products.

For parent and transformation products analyses, previous published methods were
employed (Martin et al., 2015; Wang et al., 2016; Zhou et al., 2019). Concentrations of CIP, TC
as well as the transformation products were analyzed with a Waters Ultra LCMS (Acquity
UPLC) system using a Waters BEH C18 column (100 mm x 2.1 mm, 1.7 um) at a flow rate of
0.4 mL and a mass spectrometer. The mobile phase consisted of acetonitrile containing 0.1%
of formic acid (eluant A) and mixture acetonitrile/water 10%/90% containing 0.1% of formic
acid (eluant B) with gradient 0 min/0% A — 1 min/0% A — 9 min/100% A — 12 min/0% A, and a
flow rate of 400 puL/min. Mass spectrometric analysis was conducted by positive electrospray
ionization with a mass scan range of m/z 50-1000.

2.2.  Antimicrobial activity assessment of CIP and TC transformation products

Growth of P. veronii was tested at different concentrations of CIP and TC (S| Figure 1).
Based on these tests, growth was tested at high concentrations under optimal conditions on
rich medium and oxic conditions in microtiter plates. The effects on denitrifying activities as
nitrate and nitrite reduction rates were tested at concentrations allowing growth. All
experiments were done in triplicate.

Growth curves of P. veronii were determined by inoculating 100 pL aliquots of
exponential growing cells (ODggo 0.1, 108 cells mL™) to a 96 well plate and exposed to CIP or TC
as well as to their different transformation products. CIP concentrations of 10 uM (3 mg L?)
and TC at 100 uM (44 mg L) were used, known to inhibit growth of P.veronii) exceeding the
Minimum Inhibiting Concentrations for CIP and TC, respectively 0.5 and 16 mg L (See Sl Figure
1). Growth was determined in an antibiotic free control, in the presence of CIP or TC and the
different transformation products generated at different times (1h interval, see 2.1). The
plates were incubated at 25°C in a microplate reader (SAFAS Xenius XM, Monaco),
continuously stirred (4Hz), measuring the ODggo every 10 minutes.

The effect of the antibiotics and their different transformation products on nitrate
reducing activity was determined in batch experiments in mineral denitrifying medium in 120
mL serum bottles. A mineral medium with 5 mM KNOs and succinate, lactate and acetate
(each 5 mM) at pH 7.00 + 0.05 (Laverman et al., 2006). The sterile, anoxic medium (90 mL) was
inoculated with 10 mL bacterial culture (ODeso 0.1) with 0.25 pM CIP (0.1 mg L) or 15 uM TC
(6.7 mg L) and the corresponding transformation products. These concentrations were lower
than the MICs for CIP and TC, allowing growth and at the same time testing the impact on the
denitrifying activity. The serum bottles were incubated at 180 rpm at 25°C and sampled twice
a day for 3 days to determine NOs; and NO; concentrations. NOs" and NO;  concentrations
were determined on a Gallery Sequential analyser (Thermofisher)
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3. Results and discussion

3.1.  Abiotic transformation of CIP and TC in birnessite suspension

Birnessite-mediated oxidation of CIP (100 uM) led to four transformation products,
identified based on the retention time and mass-to-charge ratio, and named CIP-Ox1, CIP-Ox2,
CIP-Ox3 and CIP-Ox4 (Sl Table 1). The concentration of CIP decreased rapidly in the presence
of birnessite. 50% CIP was transformed within 1 hour and less than 5% of the initial
concentration remained after 6 hours of reaction time (Figure 1A). In accordance with
previous reports investigating CIP transformation mechanisms by metal oxides (Chen and
Huang, 2011; Martin et al., 2015; Zhang and Huang, 2005; Zhou et al.,, 2019), we have
proposed two transformation pathways of CIP by birnessite as shown in Figure 1B.
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Figure 1. Relative abundance of CIP (C/C0) and the normalized peak areas of the CIP transformation
products upon reaction with birnessite (A), peak areas of each compound were normalized towards
the maximum peak area. Two proposed ciprofloxacin degradation pathways (B) based on the
identification of transformation products in this study and related literature.
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The opening of the piperazine ring was expected due to the angle stress caused by
inductive effect of electronegative fluorine atom. A “double iminium ion” species is likely to
act as a reactive intermediate as previously reported (Zhang and Huang, 2005). Oxidation of
the latter led to formation of a dialdehyde compound CIP-Ox3 (m/z 362), and two
monoaldehyde compounds CIP-Ox1 and CIP-Ox2 (m/z 334), with differences in stability
(Figure 1A). The concentration of CIP-Ox1 gradually decreased while the CIP-Ox2 and CIP-Ox3
peak intensities increased and accumulation of CIP-Ox4 (m/z 263). The abundance of CIP-Ox4
increased over the reaction time, suggesting this fully dealkylated product as a final product
under our experimental conditions.

Five transformation products were identified by LC/MS during birnessite-mediated
oxidation of TC (SI Table 2). TC showed a higher transformation rate than CIP, as almost 60%
of initial TC was transformed by birnessite during the first 10 seconds. A possible reaction
pathway of birnessite induced TC oxidation was proposed based on the identification of
transformation products via LC/MS (S| Figure 2). Hydroxylation and demethylation have been
suggested as the main transformation pathways in the birnessite induced oxidation (Chen and
Huang, 2011). The D ring of TC is a phenol moiety which can readily form a phenoxy radical
through one-electron transfer with MnQ; (Sl Figure 2). The phenoxy radical can be further
oxidized by Mn" to yield a hydroquinone product. The addition of a —OH group can occur at
either the ortho or para position relative to the present phenolic —OH group. The
demethylation process could be due to the oxidation of the dimethylamino group by Mn',
The oxidation process first produces a methylene radical. This methylene radical can be
further oxidized to an iminium cation, which undergoes rapid hydrolysis to yield N-demethyl
derivative and formaldehyde.

3.2.  Effect of the mineral induced transformation products on growth of P. veronii

The generated transformation products, collected at different time intervals in the
presence of birnessite, with different proportions of the transformation products (Figure 2A)
showed different antimicrobial activities (Figure 2B). CIP inhibited cell growth (85%), with the
reaction time increasing, the concentration of CIP gradually decreased, coinciding with a
decreasing antimicrobial activity (Figure 2B), suggesting that the antimicrobial activity is
alleviated upon exposure to the transformation products.
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Figure 2. Relative abundance of CIP and CIP transformation products upon reaction with birnessite
over time (A). Growth at 24h (ODgg0) as well as growth inhibition compared to a positive control,
upon exposure to the CIP and the CIP transformation products (B). The growth exposure tests
(triplicate) were done with 10 uM CIP (3 mg L?) and the corresponding transformation products.

The carboxylate and carbonyl groups are considered essential to the antimicrobial activity
due for binding to cleaved or perturbed DNA (Tillotson, 1996), whereas the fluorogroup on
fluoroquinolone molecules facilitates cell penetration and gyrase affinity (Peterson, 2001).
The piperazine ring improves the effect of CIP by facilitating the cell penetration (Domagala,
1994). The quinolone core structure with its essential functional groups for gyrase binding
remained unaffected in the present birnessite system. Therefore, based on the molecular
structure of the transformation products (fluoro, carboxylate and cabonyl group present), an
antimicrobial activity would have been expected. Indeed, the piperazine ring plays a crucial
role in the antimicrobial efficacy of CIP. This structural component facilitates the penetration
of CIP into bacterial cells. Without the presence of this ring, it is probable that CIP cannot
efficiently enter the cell, thereby thwarting its antimicrobial effects, which primarily target the
activity of DNA gyrase. Consequently, the loss of the piperazine ring likely mitigates the
toxicity associated with the transformation products.

Growth of P. veronii was completely inhibited in the presence of 100 umol L (44 mg L?)
TC, whereas the growth inhibition was overruled in the presence of TC transformation
products (data not shown). The antimicrobial activity of the tetracycline molecule relies on
the linearly arranged DCBA naphthacene ring system with an A-ring diketo substructure and
an exocyclic carbonyl or amide group (Fuoco, 2012). The LC/MS results showed that the A-ring
dimethylamino group of the transformation products were changed by a demethylation
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process. The A-ring dimethylamino group is pivotal for the mode of action of TC, part of the
lower peripheral non-modifiable region of the TC molecule that interacts with the 30S rRNA.
The change in the A-ring dimethylamino group is most likely responsible for the loss of the
antimicrobial activity of the TC transformation products.

3.3 Effect of CIP and TC transformation products on denitrifying activity

The effect of low, environmentally relevant concentrations of CIP and TC as well as the
associated transformation products were tested on the denitrifying activity of P. veronii
(Figure 3). Nitrate concentrations decreased rapidly for all the treatments and consequent
production of nitrite was observed. More than 85% of the nitrate was reduced into nitrite
within 15 hours for the positive control as well as the CIP and the CIP transformation products
(6h reacted CIP) exposed cultures, without significant differences (student t-test, p <.05). The
produced nitrite was rapidly further reduced in the positive control as well as in the CIP
transformation products treatment. During exposure to CIP, in which no effect was observed
on the reduction of nitrate (Figure 3A), nitrite accumulated and was not further reduced to
gaseous nitrogen. Interestingly, at these low concentrations of CIP, with neither effect on
growth nor nitrate reduction, the denitrification process is inhibited at the step of nitrite
reduction.
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Figure 3. Concentrations of NOs™ (A) and NO, (B) over time in the positive control, exposed to 0.25
UM CIP and the 6h reacted CIP (CIP-Ox1234, see figure 2A) transformation products (triplicate).
Dotted lines indicate the nitrate reduction rate (A) and the production and reduction of nitrite (B)
in the positive control. The dotted lines were fitted employing the "exponential decay" function
for nitrate and a "sigmoidal" function for nitrite in Sigmaplot, solely for the purpose of illustrating
the trends.

Interestingly, low concentrations of CIP inhibited the reduction of nitrite to gaseous
nitrogen, without impacting growth. It appears thus nitrate reducing enzymes (NAR) were
unaffected, whereas the further reduction of nitrite into NO, N,O and N; is inhibited in the
presence of CIP, possibly due to an effect of CIP on the nitrite reductase (NIR). The stable

8
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embedding of nitrate reductase (NAR) in the membrane, compared to the freely distributed
nitrite reductase in the periplasm (Zumft, 1997) could make the latter more vulnerable to CIP.
This is in line with previous observations that showed a lower expression of the nirS gene
(coding NIR) than narG gene (coding NAR) upon exposure to CIP (Li et al., 2021)..

The antimicrobial activity of the mineral induced TC oxidation products was also tested
on P. veronii. The tested TC concentration, which was below the MIC of 16 mg L (15 pmol L-1,
6.7 mg L?), to allow some growth, had no impact on growth and denitrifying activity of P
veronii compared to the control (data not shown). Apparently at these low TC concentrations
P veronii resisted towards the antibiotic. Consistent with the lack of antibacterial activity of
these low concentrations (below the MIC), the TC transformation products also lacked
antibacterial activity.

The current study shows the importance of abiotic transformation by redox-active
minerals and the loss of antibacterial activity. It is noteworthy that antibiotics, besides
undergoing transformation via mineral surfaces, can adsorb to mineral surfaces found within
sediment-water interfaces. The extent of adsorption determines the availability of antibiotics
for microbial degradation and can affect their persistence in aguatic environments. In addition
to this certain bacteria can metabolize antibiotics. Besides abiotic transformation by minerals,
these minerals may influence the rates of antibiotic degradation by providing surfaces for
microbial attachment and facilitating nutrient exchange and metabolic interactions. Mineral-
mediated adsorption of antibiotics can sequester these compounds, limiting their
bioavailability and potential for microbial degradation. In turn, minerals may serve as
substrates for microbial colonization and biofilm formation at sediment-water interfaces,
these microbial-mineral interactions can influence microbial community composition,
diversity, and metabolic activities, ultimately impacting antibiotic degradation processes.
These interactions among antibiotics, minerals, and microorganisms at sediment-water
interfaces can create feedback mechanisms that modulate the fate of antibiotics.

4. Conclusion

Abiotic transformations of pharmaceuticals, particularly antibiotics, can occur in
environments rich in redox-active minerals. These transformations play a crucial role in
reducing the levels of parent compounds while concurrently generating multiple degradation
products. Our study focused on birnessite-induced transformation products of ciprofloxacin
(CIP) or tetracycline (TC) and their impact on the antibacterial growth of the environmental
denitrifying isolate Pseudomonas veronii.

Notably, our results revealed that the transformation products induced by birnessite did
not exhibit any antibacterial effect on the growth of P. veronii. This suggests that the
antimicrobial activity, observed in the parent compounds, was lost during the abiotic
transformation process. It is essential to note, however, that our investigation is confined to
a limited number of antibiotics and minerals, necessitating a broader exploration
encompassing different antibiotic families and various soil minerals to derive more
comprehensive conclusions.

Additionally, our observations indicated that a low concentration of CIP had no
discernible impact on bacterial growth but did affect denitrifying activity, leading to nitrite
accumulation. This underscores the need for a focused examination of the effects of lower
antibiotic concentrations on both the growth and activity of environmental bacteria. In
conclusion, our findings underscore the intricate dynamics between antibiotics, redox-active
minerals, and microbial activity, emphasizing the importance of expanding research to
encompass a wider range of antibiotics and minerals for a more holistic understanding.
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Tables

Sl Table 1. LC/MS data for birnessite induced degradation of CIP

Compound Retention m/z (Proposed)
name (min) value structure
cIp 3.8 334 Kjﬁ)\
77X
CIP-Ox1 3.0 332 UK/HL
LG X
CIP-0x2 4.7 362 AT
II.\\%()
s ] ‘ OH
CIP-Ox3 54 334 (\M
o “ A
CIP-Ox4 5.8 263 w
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Sl Table 2. LC/MS data for birnessite induced degradation of TC
420

Compound name Retention time (min) m/zvalue (Proposed) structure

TC 4.1 455
TCox1 2.3 459
TCox2 4.2 431
TCox3 2.5/4.0 447
TCox 4 35 461

1.1/1.5/2.5/4.0

TCox5 463
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422 Figures

424
426
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428
430 S| Figure 1. Growth curves of P. veronii at different CIP (left panel) and TC (right panel)
concentrations indicated in mg L' as well as in pumol L. The red line indicates the 80% growth
432 inhibition compared to the positive control. The Minimum Inhibiting Concentrations were deduced
from the 80% inhibition compared to the control and were 0.5 mg L for CIP and 16 mg L for TC
434
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442

0 0 - 0 OH
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S| Figure 2. Proposed TC degradation pathway based on the identification of transformation
products in this study and related literature.
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