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Sammenfatning

Biocider anvendes overalt i samfundet til desinfektion og i renggringsprodukter. Ved brug kan
de aktive stoffer i biocider ende i affald, spildevand, eller i jorden, hvor de kan veere til stede
enten som intakte forbindelser eller som nedbrydningsprodukter. Disse nedbrydningsprodukter
vil veere et resultatet af miljgforhold som pavirker omsaetningen af biocider sdsom UV, tempe-
ratur, pH eller vil veere metabolitter opstaet i omsaetningen medieret af bakterier. | lyset af at
der findes miljgreservoirer, hvor biocider og deres metabolitter kan veere til stede i leengere pe-
rioder, er et centralt spargsmal, hvorvidt nedbrydningsprodukter af biocider stadig har en bak-
terie-dreebende effekt eller vil selektere for bakterier, der har nedsat biocid-falsomhed.

| dette projekt har vi fokusseret pa nedbrydningsprodukter af kvaterneere ammonium forbin-
delse (QAC) af denne klasse er der to aktivstoffer reguleret i biociddirektivet: 1) Alkyl (C12-16)
dimethylbenzyl ammonium chloride (ADBAC/BKC (C12-16)) og 2) DDAC (Didecyldimethylam-
monium chlorid). Vores fokus var pa nedbrydningsprodukter af BAC 12 som er denne ingredi-
enz med hgjeste koncentrationer i 1).

| dette projekt har vi undersagt nedbrydningen af den kvaternaere ammonium forbindelse
(QAC) benzalkoniumchlorid, BAC-12 under miljgforhold og analyseret, hvorledes transforma-
tionsprodukter af BAC-12 pavirker to bakterielle patogener, nemlig Staphylococcus aureus og
Staphylococcus epidermidis, der baerer gacA-genet, som koder for QAC tolerance. Vi var i
stand til at isolere fire transformationsprodukter og derudover indkgbe yderligere otte produk-
ter til test. Med disse transformationsprodukter viste vi, at mens de oprindelige BAC-12 og
DDAC (Didecyldimethylammonium chlorid) generelt selekterede for bakterier, der baerer gacA
sammenlignet med celler, som ikke bezerer genet, var vi ikke i stand til at demonstrere selektion
af qacA-holdige celler som fglge af transformationsprodukterne. Yderligere viste vi, at stafylo-
kokkerne er i stand til at metabolisere BAC-12, uanset om cellerne baerer qacA eller ej. Der er
flere begraensninger i vores undersggelse. For det fgrste blev kun en enkelt koncentration af
transformations-produkterne undersggt, og vi oplevede variabilitet i vores analyser. Desuden
kan de undersggte bakteriers metaboliske aktivitet have vaeret pavirket af bestemmelserne af
de minimale haammende koncentrationer. Fremtidige undersggelser bgr derfor rettes mod ud-
vikling af forbedrede assays med hgjere kapacitet til vurdering af QAC-transformations pro-
dukters betydning for selektion af gacA-holdige celler, maske endda under miljgforhold, og
mod mere detaljerede undersggelser hvorledes bakteriel metabolisk aktivitet pavirker omsaet-
ningen af QAC'er og dermed selektion af biocid-tolerance gener sdsom gacA.
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Resume

Biocides are widely used in society as disinfectants and in cleaning products. Upon use, the
active components of biocides may end up in sewage, wastewater or in the soil where they
can be present either as parent compounds or degradation products. These degradation prod-
ucts result from exposure to environmental conditions e.g. UV, temperature, pH etc, or be me-
tabolites in the turnover mediated by bacteria. Given that there are environmental reservoirs
where biocides and their metabolites may be present for extended periods of time a key ques-
tion is if degradation products of biocides still are able to kill bacteria or select bacteria that
have decreased biocide susceptibility.

In this project we focussed on the degradation products of quarternary ammonium compounds
(QAC). Two of these compounds are registered in the biocidal products directive (Commission
Regulation (EU) No 1119/2014): 1) Alkyl (C12-16) dimethylbenzyl ammonium chloride (AD-
BAC/BKC (C12-16)) og 2) DDAC (Didecyldimethylammonium chlorid). Our focus was on deg-
radation products of BAC 12 which is the main constituent of Alkyl (C12-16) dimethylbenzyl
ammonium chloride (ADBAC/BKC (C12-16).

In this project we have examined the degradation of the quaternary ammonium compound
(QAC) benzalkonium chloride, benzalkonium with an alkyl chain of 12 C atoms (BAC-12, ) in
environmental conditions and investigated how transformation products of BAC-12 impact two
bacterial pathogens namely Staphylococcus aureus and Staphylococcus epidermidis, carrying
the qacA gene encoding tolerance to QACs. We were able to isolate four major transfor-
mation products and in addition purchase eight additional transformation products for testing.
Our results show that while BAC-12 and DDAC (Didecyldimethylammonium chloride) mostly
showed strong selection for the bacteria carrying gacA compared to cells not carrying the
gene, we were unable to demonstrate selection of gacA containing cells by the transformation
products. Further we show that Staphylococci may be able to metabolize BAC-12 irrespec-
tively of whether cells carry gacA or not. There are several limitations in our study. Firstly, only
a single concentration of the transformation products was assessed, and we experienced vari-
ability in our competition assays. Furthermore, the metabolic properties of examined bacteria
could have been affected by the determinations of minimal inhibitory concentrations. Thus, fu-
ture studies should be directed at developing improved and high throughput assays for as-
sessment of QAC transformation products on selection of qacA containing cells, perhaps even
under environmental conditions, and at depth assessments of the impact of bacterial metabolic
activity on the turnover of QACs and in selecting biocide tolerance genes such as gacA.
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1. Introduction

11 Background

Quaternary ammonium compounds (QACs, i.e., any compound that contains a quarternary
ammonium group) are cations with the general structure [NRs]* , where R can be an Alkyl, Aryl
or other organic group (Moss et al., 1995). Often these compounds such as benzalkonium
compounds are used in mixtures containing the same structure with different alkyl chain
lengths. A prominent active ingredient in the biocidal products directive is Alkyl (C12-16) dime-
thylbenzyl ammonium chloride (ADBAC/BKC (C12-16)) — with CAS.-no. 68424-85-1.

In Figure 1, the most prominent single compound BAC-12 of this active ingredient is shown..
QACs are most often used in the form of a salts and have a wide variety of applications, both
industrial and domestic. The synthesis of these compounds via the quaternisation process
(The treatment of a tertiary amine with RX and ROH to produce the salt NR4X) has been long
documented, with origins in the 1950s (Doub et al., 1954).

cl
CHy
| .
N N N
CHy

FIGURE 1. Benzyl dimethyl dodecyl ammonium chloride (BAC-12)

QACs are classified into several subclasses based on their chemical structure and alkyl chain
length, including BACs (benzylalkyldimethyl ammonium compounds) and DDACs ((Didecyl-
dimethylammonium chlorid) or more generally, dialkyldimethyl ammonium compounds). Each
subclass is associated with distinct chemical properties and applications, ranging from disinfect-
ants and preservatives to surfactants and biocides (Arnold et al., 2023) .

The use of QACs started considerably before research began into the impact of them on the
environment (Li at al., 2009). Since then, the usefulness of these compounds has resulted in
widespread use with numerous possibilities for entry into water systems including from domestic
applications and runoff from industrial processes where QACs are being used for desinfection
(Zhang et al., 2015; Paijnes et al., 2021). Subsequently QACs have been found to have negative
effects on the health of ecosystems, being particularly toxic to various fish species (De Leo et
al., 2020). Furthermore, there have been tentative links to the uses of QAC disinfectant and an
increase in birth defects in laboratory mice (Maher et al. 2008). Aside from the effects on ani-
mals, another concern is the potential for QACs to select for antibiotic resistant bacteria
(Hegstad et al., 2010). It is worth noting that often the same QAC compounds are subject to
different EU regulation depending on the use, further obscuring the source of such compounds
in the environment (Commission Regulation (EU) No 1119/2014).

1.1.1 Degradation of benzalkonium chloride

When used, BACs eventually enter sewage systems, wastewater, or soil, where they may per-
sist as either parent compounds or degradation products. The term “degradation products” is
used in this report synonymously with “transformation products”, thus, in the text they do not
refer to different concepts. An overview of BAC-12 transformation products as used in this pro-
ject wis shown in appendix 1.2. These degradation products form due to environmental factors
such as UV exposure, , or as biotransformation products (metabolites) produced by bacterial
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activity. Consequently, environmental reservoirs can act as long-term repositories for biocides
and their metabolites, depending on their respective half-lives (Zhang et al., 2015).

The degradation of BACs in wastewater treatment plants is critical to prevent their environ-
mental spread. Studies have shown high removal rates of BACs (over 99%) (Ostman et al.,
2018, Mongelli et al., 2024), primarily through sorption to sludge, with a portion potentially bio-
degraded (Ismail et al., 2010). However, BACs widespread use has raised concerns about its
environmental impact and the development of microbial resistance (Hansen et al., 2007; Pid-
dock et al., 2006; Oggioni et al., 2013; Maillard et al., 2022 and 2024) BAC biodegradation has
been observed in single-strain catabolic experiments, but it can be inhibited at high concentra-
tions (e.g., 100 mg/L BAC-12) (Khan et al., 2015, Khan et al., 2017). Initial degradation in-
volves cleavage of the C-alkyl-N bond, forming benzyldimethyl amine (BDMA) and alkanalde-
hyde, which are further metabolized into simpler compounds like CO, and ammonia (Ertekin et
al., 2017; Khan et al., 2015, Patrauchan et al., 2003; Tezel et al., 2011; Tezel et al., 2012; van
Ginkel et al., 2004).

Pseudomonas species, such as Pseudomonas aeruginosa and Pseudomonas sp., have been
extensively studied for their ability to degrade BAC and other QACs. The degradation process
typically involves the following steps:

- Initial Uptake and Adaptation: Pseudomonas strains can adapt to high concentrations
of BAC through physiological changes, such as the upregulation of efflux pumps and
modifications in membrane charge to reduce BAC uptake (Kim et al., 2018) (Oh et
al., 2014).

- Enzymatic Degradation: The primary step in BAC degradation is the dealkylation of
the quaternary ammonium group, which is catalyzed by specific enzymes. For exam-
ple, amine oxidase enzymes have been identified as critical for initiating BAC degra-
dation, converting BAC into less toxic intermediates (Oh et al., 2014).

- Metabolic Pathways: The degradation intermediates are further processed through
metabolic pathways, such as the tricarboxylic acid cycle, to produce carbon dioxide
and water. This step is often facilitated by cooperative interactions among microbial
communities, even in single-strain experiments (Ertekin et al., 2016) (Oh et al., 2014).

Research using Moving Bed Biofilm Reactors (MBBRs) with pure bacterial cultures (e.g.,
Pseudomonas sp.) has demonstrated effective BAC removal but lacked detailed metabolite
pathways (Fortunato et al., 2019). Compared to conventional activated sludge (CAS) sys-
tems, MBBRs allow easier metabolite analysis due to biomass retention in biofilms (Li et al.,
2023; Barwal et al., 2014 and 2017).

More recently, a deep study was conducted on BAC-12 and BAC-14 degradation in micro-
MBBR experiment with a spontaneous biofilm developed from activate sludge inoculation. Par-
ents compounds were fully degraded, and 33 metabolites were identified following the w/a/B-
pathway and the w/B-pathway oxidation (Larsson et al. 2024).

1.1.2 Staphyloccocal tolerance towards QACs

One of the key determinants of tolerance to QACs in S. aureus is the gacA gene (Waasenaar
et al., 2013). This gene encodes a multidrug efflux pump that confers reduced susceptibility to
a variety of cationic antimicrobial compounds including chlorhexidine. The gacA gene is a ge-
netic determinant that primarily resides on plasmids, although it has also been found inte-
grated into the bacterial chromosome (Waasenaar et al., 2015). The presence of gacA on mo-
bile genetic elements like plasmids is a critical factor in its dissemination among bacterial pop-
ulations (LaBreck et al., 2020). Plasmids can be transferred between bacteria through horizon-
tal gene transfer mechanisms such as conjugation, facilitating the rapid spread of resistance
genes across different strains and even species. This mobility likely contributes significantly to

8 The Danish Environmental Protection Agency / The role of quaternary ammonium compounds and their degradation products in selection of bacterial resistance



the increasing prevalence of antiseptic resistance in various environments (LaBreck et al.,
2020).

The gacA gene encodes the QacA protein, a 514 amino acid multidrug efflux pump that be-
longs to the Major Facilitator Superfamily (MFS) which utilizes the proton motive force across
the bacterial inner membrane to drive the export of substrates (Majumder et al., 2023). The
predicted structure of the QacA protein features 14 transmembrane segments that span the
bacterial cell membrane, forming a channel through which various compounds can be trans-
ported out of the cell. Specific regions within this structure, such as transmembrane helix seg-
ment and its flanking loop, as well as the extracellular helical hairpin loop are crucial for the
structural and functional integrity of QacA, playing roles in substrate binding and transport
(Majumder et al., 2023). Interestingly, the closely related QacB protein differs from QacA by
only a single amino acid at residue and this seemingly minor change significantly impacts their
substrate specificity, with QacB exhibiting reduced resistance to divalent cations (Mayer et al.,
2001).

In addition to gqacA and qacB that belong to the MFS efflux pump family, several other genes
are designated as gac’s namely gacC, qacG, qacH and gacJ that all belong to the small multi-
drug resistance family (SMR) (Waasenaar et al., 2015). Although these genes encode prod-
ucts with the potential to efflux QACs, qacA is by far the most prevalent (Mayer et al., 2001).

1.1.2.1 qacA and cross resistance

The qacA gene is commonly found on various plasmids within S. aureus, including the well-
characterized pSK1 plasmid family (Meyer et al. 2001). The presence of gacA on conjugative
plasmids provides direct evidence for its horizontal transfer between Staphylococcus strains
and even to other genera (LaBreck et al., 2018). Furthermore, the gacA gene is often co-lo-
cated with other antibiotic resistance genes on the same mobile genetic elements, contributing
to the emergence of multidrug-resistant strains (Meyer et al., 2001). This physical linkage
means that selection pressure from the use of either antiseptics or antibiotics can inadvertently
select for resistance to both classes of compounds.

Another mode of cross-resistance involves efflux mediated by the gacA efflux pump. The efflux
pump displays a remarkably broad substrate specificity, capable of recognizing and transport-
ing a diverse range of antimicrobial compounds including the antibiotic, ethidium bromide and
other DNA intercalating dyes as well as mono- and divalent cations (Brown and Skurray,
2001). This broad specificity means that bacteria expressing QacA can exhibit resistance to
multiple different types of disinfectants and antiseptics commonly used in various healthcare
and community settings.

1.1.2.2 Regulation of gacA gene expression by QacR

Regulation of gacA gene expression is achieved via the transacting repressor protein, QacR.
QacR belongs to the TetR family of transcriptional repressor proteins, which all possess a
helix-turn-helix DNA-binding domain at their N-terminal ends, and have highly divergent C-
termini postulated to be involved in the binding of inducing compounds (Brown and Skurray,
2001). QacR specifically binds to an inverted repeat, IR1, which has been identified as the
gacA operator region, and overlaps the identified promoter sequence for gacA. QacR has
been shown to interact directly with a number of structurally dissimilar compounds and is
activated by a conformational change that in some strains is constitutively in the “on” position
accomplished via mutations (Takeuchi et al., 2019).
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1.2 Project objectives
1) To examine if the degradation products of BAC-12 and low concentrations of BAC-12

select for bacteria carrying gacA

2) To determine if the metabolization of BAC-12 by environmental bacteria such as Pseu-
domonas lowers the concentration of BAC-12 and thus lowers the antimicrobial activity
allowing for growth of pathogenic bacteria and selects for bacteria carrying qacA.

3) To determine if pathogenic bacteria carrying qacA or antibiotic resistance genes me-
tabolize BAC-12.

1.3 Structure of report

Each work package will have its own section. Within these sections each experiment is de-
scribed with material and methods and results. Each section will be summed up in a short dis-
cussion. In the end of the report an overall discussion will put the findings into scientific context
and the report will end with a conclusion section as well as a perspective and limitations sec-
tion.
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2. Benzalkonium chloride
degradation products

21 Degradation of BAC-12

The aim of this WP was to make metabolites of benzalkonium chlorides available for testing.
To this end two strategies where followed:

a) Known metabolites that were commercially available were purchased.

b) Selected known compounds that where not commercially available, were produced

by a bio-synthetical approach.

Nine known metabolites of BAC-12 were purchased from Sigma-Aldrich (St. Louis. MO. USA)
(Appendix 1.2). Stock solutions were prepared in methanol (LiChrosolv gradient grade for lig-
uid chromatography; Merck, Darmstadt, Germany) in DSMO (Sigma-Aldrich (St. Louis. MO.
USA) and sterile water to test solubility.

Since previous degradation studies had revealed that microbial communities cleave the C-al-
kyl-N bond, forming metabolites like benzyldimethylamine (BDMA) and alkanaldehydes, which
are further broken down (Larsson et al., 2024 Ertekin et al., 2017; Tezel et al., 2011), we se-
lected four compounds not commercially available (Appendix 1.2) and produced them via
MBBR incubation.

2.1.1 Materials and methods

2111 MBBR based facility for biosynthesis

Due to multiple projects within the department of Enviromental Science of Aarhus University
using MBBR, it was concluded that one lab reactor would be dedicated to this purpose (Figure
2 and Figure 3). The laboratory setup of the MBBR reactors closely mirrors the configuration of
full-scale MBBRs used in wastewater treatment plants, maintaining comparable inflow and out-
flow rates as well as aeration conditions, which ensure consistent hydraulic retention times,
substrate availability, and oxygen supply for microbial activity.

The Danish Environmental Protection Agency / The role of quaternary ammonium compounds and their degradation products in selection of bacterial resistance 11



FIGURE 2. MBBR based facility for growing biofilms

Similar to the wastewater treatment plant set up, “feed materials” (Artificial wastewater solution
and tap water) are pumped into the reactor at a constant rate. This then stimulates the growth
of biomass on the carriers, moved around in the solution by the aeration originating from the
bottom of the tank. The feed is also pumped in near the bottom to increase the retention time
within the reactor before it leaves as excess via the waste tube at the top.
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FIGURE 3. Diagram of the reserve reactors pictured in Figure 2.

Artificial wastewater for this project was prepared in a 10L tank with 100g of white sugar, 10g
of yeast extract, 10g of ammonium bicarbonate and 1g of cellulose dissolved in 10L of deion-
ised water. Other feed ratios have been successfully used in other projects within the depart-
ment, particularly varying the nitrogen amount, but it should be noted that increasing cellulose
content may lead to excess biomass and therefore a higher risk of the system getting blocked
and overflowing. Before this mixture is pumped into the reactor, it is diluted with tap water at a
T-piece connection for the PTFE tubing, using a Masterflex 4-channel peristatic pump to inde-
pendently control both flow rates to achieve the preferred dilution of 1:5 and a total flow rate of
0.6 ml/min. The reason for using tap water to further simulate the conditions present in a
wastewater treatment plant, with the feed mix only using deionized water to ensure all of the
components stayed in solution.

FIGURE 4. AnoxKaldnes™ Z-MBBR MBBR Carriers.
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These reactors will act as a reserve of carriers with an active biomass on. The carriers used
(pictured in Figure 4) were selected as they have ample surface area for biomass to grow on
and are easy to observe to see how much biomass they contained. Each reactor has 100 car-
riers in at all times, so if some are removed, new ones are used to replace them immediately.
This gives the experiments described later in this report a safety net in case the conditions be-
come too toxic for the bacterial cultures in the system,

The incubation stage was performed in a closed system in order to maximize the recovery of
BAC-12 metabolites and to prevent their loss through the drainage pipe. This setup also en-
sured that no toxic compounds were released into the sewer system

2.1.1.2 Biosynthesis reactors
Based on Larsson et al., 2024, we scale up the production of BAC-12 transformation products
to 1 L bioreactors (Figure 5).

FIGURE 5. Biosynthesis reactors without and with foil covering respectively.

The closed reactor was set up using a 1L screw cap bottle on a stirrer plate, with a total of 50
carriers taken (approximately) equally between all 4 reactors with the hope that the more di-
verse the bacterial system was, the better the range of metabolites would be, and the more re-
sistant the system would be to toxins). A magnetic stir bar was inserted along with 600ml of
tap water, and the top of the bottle was capped with aluminium foil instead of a screw lid to
promote some (albeit limited) aeration of the system. Instead of having a drainage tube, the
system would be drained manually, with excess water being poured down the sink in the case
of a finished feed cycle or extracted/ collected as chemical waste after a BAC-12 incubation
cycle.
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2.1.2 Results

After the adaptation time of 1 month the carriers in the reserve reactors developed a thick and
homogeneous biofilm (Figure 6).

FIGURE 6. Biofilm growth on the virgin
carriers.

Preliminary experiments indicate a good production of BAC-12 degradation products after 25-
48 h from the start of the incubation (Figure 7).
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Metabolites production during incubation of BAC-
12
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FIGURE 7. Plot of the metabolites production. Each bar represents the sum of the peak area of the BAC-1
degradation products during the time of the incubation.

By examining the time course of peak areas, we identified a suitable incubation time between
~25 and 45 hours, as all metabolites were present in this interval and most showed their highest
abundance in this interval. A harvest time of 44 hours was selected, as it fell within this range
and was convenient to integrate with the regular lab work schedule..

2.2 Up-concentrations and HPLC-isolation

2.2.1 Methods

Solid Phase Extraction

Solid phase extraction was performed on the 600 ml samples gained from incubation cycles,
using a Phenomenex Gigatube Strata x 33um polymeric RP 5g/60mlnon-polar cartridge. The
method for extraction for this was based off previous methods used in the department and

consisted of:
1) Wash twice with an amount of methanol equal to the volume of the solid phase (the

solid phase is nominally hydrophobic so methanol must be used before water can be)
2) Wash twice with 1 solid phase volume (SPV) of water (this allows re-equilibration so
the metabolites can be caught in the solid phase).
3) Pass the entire sample through the cartridge in ~50 ml portions.
4) Wash once with 2 SPV of water (this helps remove any remaining metabolites from

biomass caught at the top of the solid phase).
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5) Elute metabolites into a new container using 50 ml of methanol with 5% formic acid
(formic acid had been shown to better extract QACs out of the same solid phase dur-
ing previous studies within the department).

It should be noted that the volume of the collected samples vary with the abundance of
biomass in each sample. Samples with more biomass had less eluted volume due to
blockages in the filter, so the samples had a volume between 40 and 50 ml (Figure 8).

FIGURE 8. Solid Phase extraction (SPE) samples in brown glass bottle and
100ml screw cap with foil covering respectively.

The practical set up for this process initially involved draining the waste from the sample into a
beaker via gravity, but this was quickly abandoned after the realisation that this would cause
the extraction to require 12 hours of (intermittent) attention, which although possible, was
highly inefficient. Instead, for the collection of the waste, a vacuum was set up as laid out in
the figure below:

Cartridge Cartridge
A Rubber stopper with
) glass tube inserted 100ml screw-
\ cap for
collection

A »  Vacuum suction

/ . Waste collects at the
/ \ bottom of the beaker

FIGURE 9. Set up for SPE, sample processing (left) and sample elution (right).

Due to the larger scale of this solid phase extraction (SPE) compared to the other SPE ap-
proachess used for purely analytical purposes, a set-up usually used for a Buchner funnel was
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used, with the graduated bottom of the cartridge allowing a tight seal between it and the rubber
stopper once under vacuum. The glass tube inserted into the stopper serves two purposes
here: to stop liquid entering the vacuum system, and to minimise the possible contact of the
rubber stopper with the system, although the syringe- like tip at the bottom of the cartridge was
positioned such that it was not touching either. After the waste was collected in the vacuum
flask, it was swapped out for a 100ml screw cap bottle (as above) and allowed to drain via
gravity. As this happened both the collection bottle and cartridge were covered in aluminium
foil to reduce contamination.

FIGURE 10. An example of the cartridge type used for SP

Sample Concentration

Samples were concentrated using a rotary evaporator. The evaporation process was per-
formed under reduced pressure at a controlled water bath temperature of 45°C, ensuring the
efficient removal of the solvent without degrading the target compounds. The concentrated
samples were then transferred to glass vials and stored at -20°C until further analysis.

HPLC-isolation

The isolation of the BAC-12 degradation products was made on a HPLC-UV equipped with a
fraction collector ((Dionex Ultimate 3000). The chromatographic separation was performed
with a Synergy Polar-RP 80 A (150 X 2 mm; Phenomenex Torrance, CA, USA). The HPLC
gradient consisted of two mobile phases: Water (A) and Methanol (B) (Supelco, HPLC grade).
The flow was set at 0.350 ml/min and the following gradient was used: 0-5 min 0% B; from 4 to
18 min 100% B with a linear ramp gradient; from 18 to 22.5 min 100 % B: from 22.5 to 23 min
0% B with a linear ramp gradient and from 23 to 28 min 0% B. The volume of injection was 50
ul. The collection of the fraction consisted of six 4-minute fractions, collected over the 25-mi-
nute run with ~30 seconds at the start and the end not collected.
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2.2.2 Results

The base of the first metabolite detection method was built from the QAC detection method,
keeping the chromatography settings the same as it allowed easy comparison of metabolite
retention times to the parent compound (BAC-12). Further detection parameters were then
added for the 19 searched for metabolites, according to Larsson et al., 2024.

Whereas the original QAC detection method provided a good basis for the analysis of the me-
tabolites, the ability to separate such substances was found to be somewhat limited.

Many metabolites effectively co-elute, most likely due to their similar structures. Peak clusters
that have more than 2 signals indicateco-elution of several metabolites. The aim of the metab-
olite separation method is therefore not to isolate all peaks but to identify several metabolites
than can be isolated with the resources available in the project.

With our chromatographic technique we were able to isolate 4 transformation products (TPs),
i.e, TP250, TP278, TP320C and TP 318 (Figure 11). (compare appendix 1.2 and 1.3
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FIGURE 11. Chromatogram for the reversed phase chromatographic separation of TPs pro-
duced by BAC-12 metabolization in MBBR experiments. The four TPs highlighted are the ones
that we have been able to isolate.

In order to verify the quality of the fractionation method and identify which BAC-12 transfor-
mation products have been successfully isolated, an High Resolution Mass Spectrometry non-
target analysis method was used (Larsson et al., 2024) on the faction collected (Table 1).
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TABLE 1. Name and molecular formula of the BAC-12 transformation products (TPs)
isolated.

Compound Molecular formula Quantity

produced (mg)

TP250 \AIM 14.00
OH

TP278 \ILML 35.00
OH

TP318 <+ 11.75

TP320C ©\>lll+ 8.75
\/\/\/\/\/\/\OH

From the analysis of the collected fractions, it is evident that four BAC-12 transformation prod-
ucts were successfully isolated. The isolated TPs suggest that the catabolic pathway involves
w oxidation followed by a- and - -oxidation (Larsson et al., 2024) (Appendix 1.4). To obtain
sufficient quantities of these TPs for toxicological tests, multiple cycles of HPLC were applied
to the incubation-derived samples, yielding amounts ranging from 8.75 to 35 mg of TPs.
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3. Staphylococcal strain
collection and selection

3.1 Screening for gac gene containing strains

To screen for the presence of gacA and smr/qacC genes several stain collections and genome
resources were analyzed. The collections included 54 clinical Staphylococcus epidermidis (S.
epidermidis) strains from Hvidovre Hospital that had not been whole genome sequenced
(Skovgaard et al. 2013), and 14 whole genome sequenced methicillin resistant Staphylococ-
cus aureus (MRSA) from Statens Serum Institut (SSI) (Mikkelsen et al., 2023) were screened
by polymerase chain reaction (PCR) to determine the presence or absence of plasmid carried
gac-type genes. Included as controls for the PCR were 3 Staphylococcus aureus (S. aureus)
strains from the Japan Collection of Microbes (JCM) with accession numbers JCM 16554
(smr/qacC positive strain); JCM 16555 (qacA positive strain); JCM 16556 (gacB positive
strain) and one smr positive strain of unknown origin, HI3549. An overview of strains relevant
to this report is shown in appendix 1.1.

In addition, genome sequences of MRSA strains and methicillin susceptible, MSSA strains
from the Department of Clinical Microbiology, Hvidovre Hospital were screened for the pres-
ence of qacA genes. These sequences had been obtained on a MiSeq machine (lllumina) with
a minimum mean depth of coverage of 30x.

3.1.1  Material and methods

Plasmid extraction

The S. epidermidis and S. aureus strains were streaked from -80°C onto tryptic soy agar
(TSA) plates and grown overnight (ON) at 37°C. Liquid cultures were prepared by inoculating
2-3 colonies into 5 ml trypic soy broth (TSB) and grown ON at 37°C with 180 rpm shaking.
Plasmid extractions were performed with GeneJET Plasmid Miniprep Kit (Thermo Fisher) ac-
cording to manufactures instructions including a pre-incubation step for 30 min in a heating
block 37°C, 180 rounds per minute (repm) shaking with lysostaphin at a final concentration of
1.5 uyg/ml. DNA contents were measured on a spectrophotometer (NanoDrop, Thermo Scien-
tific) giving an average of 29 ug/ul [Cl 95%: 19 — 39].

PCR for gacA and smr

For S. aureus the template was 1-2 ul from the respective plasmid extraction into each PCR
mixture with a final volume of 25 pl, containing 1 ul of each primer (stock conc. 10 uM), 12 pl
2x master mix (DreamTaq Green PCR Master Mix (2X), Thermo Fisher) and the rest nucle-
ase-free water (Thermo Fisher). A pilot study showed that the PCR detection was possible as
a multiplex PCR analysing for gacA and smr simultaneously. The primers used were as de-
scribed by El Sayed Zaki et al (2018).

The PCR analysis of S. epidermidis strains was performed in the following cycles: Initially
95°C for 2 min x 1; then 40 cycles (denaturation at 94°C for 30 s, annealing at 53°C for 60 s,
and extension at 70°C for 60 s), final 72°C for 10 min x1, while for S. aureus the following cy-
cles were used: Initially 95°C for 3 min x1; then 30 cycles (denaturation at 95°C for 30 s, an-
nealing at 55°C for 30 s, and extension at 72°C for 60 s). The primers used were as described
by Noguchi et al. (2006) and Ribi¢ et al., (2017). PCR products were analysed by agarose gel
electrophoresis and strains carrying the target genes were included as a control.
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Bioinformatic analysis and sequencing of plasmids

As qacA genes are likely to be found on plasmids, genome sequences were analyzed by Plas-
midFinder (https://cge.food.dtu.dk/services/PlasmidFinder/). Thus, genome sequence contigs
were searched for the presence of both the gacA gene and a plasmid replicon. Taking this ap-
proach the search was narrowed down to 29 sequences where gacA gene was in the same
contig as PlasmidFinder found to be a plasmid. To validate these findings, eight of the S. au-
reus strains identified in the initial screening as well as two qacA positive S. epidermidis
strains from our PCR screening were genome sequenced using Nanopore technology (Oxford
Nanopore). The S. aureus nanopore data were assembled with flye and medaka
(https://www.ridom.de/u/Flye_Assembler.html) and then merged with the lllumina reads using
unicycler. The S. epidermidis samples were assembled with flye and medaka, as only Na-
nopore data were available. Abricate (https://bio.tools/ABRicate) was used together with Plas-
midFinder database to look for plasmid replicons in the assembled plasmids. Abricate and
Resfinder (http://genepi.food.dtu.dk/resfinder) database were used to investigate the presence
of antibiotic resistance genes. pLannotate (https://www.plannotate3.com/) was used to anno-
tate other genes present in the plasmids and make a graphic representation of them.

3.1.2 Results

PCR for gac genes

The screening for gac genes by PCR of the plasmid extracted from the 54 S. epidermidis
strains showed that 42% had the qacA gene, 30% the smr gene and 4 strains had both gacA
and smr. PCR was performed on 14 of the MRSA from SSI, and as predicted from the genome
sequence only one strain carried the gacA gene.

Sequenced and assembled gacA plasmids

gacA was carried together with its regulatory gene gacR on large plasmids (27-45 kb). Several
isolates contained multiple different plasmids with multiple antibiotic resistance genes and
heavy metal resistance genes. Some plasmids carried transfer genes indicating that they may
be able to move via conjugation. Based on these results a plasmid of 31076 bp present in S.
epidermidis strain HI3487 (named HI3487qgac) was selected for further studies together with
the S. epidermidis strain HI3534 (named HI3534no-qac) that did not contain gacA and dis-
played similar growth characteristics as HI3587 (data not shown). The map of the plasmid
from HI3487 is shown in Figure 12.
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FIGURE 12. Plasmid map of the gacA-gacR containing plasmid in S. epi-
dermidis strain HI3587. Highlighted in the map are genes for copper re-
sistance (cop), cadmium resistance (cad) and a p-lactamase encoding B-lac-
tam resistance (blaZ).

3.2 Construction of isogenic strain pairs
3.21 Material and methods

3.2.1.1 Short description of strains and methods

To create an isogenic pair of strains with near identical genetic background but differing in the
presence or absence of gacA, several approaches were taken.

The first approach to create an isogenic strain pair in S. aureus was done by transformation to
transfer the plasmid/plasmids from the SSI strain collection, into the S. aureus lab strain 8325-
4, which is cured of all phages and plasmids, and is widely used as a prottypic S.aureus strain.
The second approach was to move a gacA carrying plasmid into S. aureus laboratory strains
by phage transduction from either 8 S. aureus strains from Hvidovre hospital with the S. au-
reus phages ®11 and ®NM1 or from two qacA positive S. epidermidis strains (3486 and 3487)
using the four S. epidermidis phages ®IPLAG, ®IPLA7, ¢PH15 and ¢CNPH82. As phage
transduction efficacy is enhanced if the transducing phage is integrated in the genome of the
strains from which DNA is to be transduced, the transducing phages were first attempted to be
integrated in the strains carrying the gacA plasmids.

Thirdly we cloned the gacA gene and the gacR regulator into the pRAB12-/acZ by substituting
lacZ with a gacA-qacR fragment in Escherichia coli K-12 strain IMO8B. Plasmid DNA was re-
trieved from transformants and transformed into the clinically relevant S. aureus strain JE2 to
obtain JE2 containing the gene of interest (JE2gac). As. Control, the reporter plasmid
pRAB12-lacZ was transformed into the JE2 strain as well (JE2lacZ). This resulted in a strain
pair with one strain carrying pRAB12-/acZ and the other pRAB12-gacA/qacR in strain JE2.
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3.2.1.2 Detailed method descriptions

Electroporation-mediated transformation of wildtype S. aureus plasmid

Electrocompetent cells of the S. aureus lab strain 8325-4 was prepared according to previously
described method by Monk and Steiner (2021) and the transformation was performed according
to same reference with small modifications, in short. Thawed electrocompetent cells were cen-
trifuged at 5,000 x g for 1 min. Supernatant discarded and cells resuspended in 50 pl of 10%
glycerol including 500 mM sucrose. Purified plasmid from the MRSA 109868 (5 pl) was added
to the cells and transferred to 0.1 cm electroporation cuvette (Biorad or MBP). Pulsed 21 kV/cm,
100 Q and 25 uF. Time constant 2.0-2.4 ms. Immediately 1 ml of TSB including 500 mM sucrose
was added, mixed gently by pipetting and transferred to a Eppendorf tube. Incubated at 37°C
for 1-1.5 h and 100 pl plated out on TSB agar with selective antibiotic erythromycin 10 pg/ml.
The remaining cells were concentrated (7000g for 5 min), resuspended in 100 yl TSB including
500 mM sucrose and plated on TSB agar with erythromycin 10 yg/ml and incubated overnight
at 37 °C. As negative control, an aliquot of competent cells without plasmid DNA added was
treated similarly.

Phage infection, induction and transduction

The receptor S. aureus and S. epidermidis strains mention in 3.2.1.1 were grown over night in
TSB and diluted 1/50 with fresh TSB and grow to 1.4 ODs40. CaCl2 was then added to final
conc. 4.4 mM. Phage lysates from appropriate phages mentioned in section 3.2.1.1 were ob-
tained from our collection and 100 ul from serial dilutions was transferred to individual tubes to
1 ml recipient culture, incubated at 37°C for 20 min, and then added 3 ml TSB with 0.4% TSB
agar (TSA) per tube and quickly plated out on TSA plates containing 17 mM sodium citrate.
Incubated over night for 24 h at 37°C.

Two of the S. aureus strains (MS59, M7088) that showed positive phage infection with ®11
were checked for integration of the phage by PCR detecting the Sab gene. In short bacteria
from the center of the plaques of the phage infection were re-streaked onto TSA plates. Two
colonies per strain were picked into Eppendorf tubes with 50 pl MilliQ water and 5 pl lyso-
staphine and incubated for 30 min at 37°C followed by 10 min at 99°C to extract DNA.

These DNA templates were added 1-2 yl from each respective extraction into each PCR mix-
ture with a final volume of 25 pl, containing 1 pl of each primer (stock conc. 10 yM), 12 pl 2x
master mix (DreamTaq Green PCR Master Mix (2X), Thermo Fisher) and the rest nuclease-
free water (Thermo Fisher). The PCR was performed in the following cycles: Initially 95°C for 5
min x 1; then 35 cycles (denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and exten-
sion at 72°C for 45 s), final 72°C for 10 min x1. PCR products were kept at 4°C until they were
run on agarose gel electrophoresis to show whether a PCR product of the expected size was
present. The primer set for the ®11 Sa5 gene was: Sa5-F (A AAGATGCCAAACTAGCTG) and
Sa5-R (CTTGTGGTTTTGTTCTGG) (product length, 375 bp). Positive control was phage ®11
DNA and negative controls were the same S. aureus strains that had not been infected, and a
reaction with water added instead of DNA template. Phage induction was performed to excise
the integrated ®11 and potentially package the gacA containing plasmid that via transduction
could be transferred to a new cell. From cells carrying the gacA plasmid and the integrated
phage ®11, the phage was induced by mitomycin C (final concentration: 2 pg/ml; Stock con-
centration 1 mg/ml) at 32°C until lysis of the cells (3-4 hr).

Cloning in know vector plasmid

To clone the gacR-gacA genes into a vector that replicates both in S. aureus and E. coli, the
plasmid pRAB12-lacZ (Helle et al., 2011) was restricted with the enzymes EcoRIl and Pst1 to
remove the /acZ gene that was replaced by the gacR-qacA genes obtained by PCR from strain
MS59. After ligation, the plasmids were transformed into E. coli IMO8B and selected on LB plates
containing 100 ug/ml ampicillin. Transformants were screened by PCR for the presence of
gacA/R. Plasmids from clones containing qacA/R were purified and transformed into electro-
competent JE2 and 4220 together with the empty vector.
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3.2.2 Results

Despite major efforts to transfer gacA containing plasmids from the S. aureus strain collection
we failed to obtain transconjugants both by transformation and conjugation. Also we were una-
ble to move the plasmid by transduction presumably because the plasmids were too large to
be carried between strains by the transducing phage. However, we did succeed to clone the
gacA-qacR gene pair into the plasmid vector pRAB12-lacZ by substituting the /acZ gene with
the gacA-qacR genes. Subsequently the resulting plasmid was designated pRAB12-gacA and
was transformed into S. aureus JE2 together with the original plasmid pRAB12-/acZ that
served as a control forming the strains JE2(gacA) and JE2(lacZ).
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4. BAC12 and degradation
products in selection of gac
containing Staphylococci

4.1 Minimal inhibitory concentration (MIC) and sub-inhibitory
MIC

To be able to answer the project objective 1 namely whether: “The degradation products of BAC
and low concentrations of BAC select for bacteria carrying gac genes” we aimed to determine
the minimal inhibitory concentration (MIC) and subinhibitory MIC (sub-MIC) as defined below for
the strains in the strain collection to later be able to co-culture these strains under sub-MIC
concentrations of QACs to investigate if these conditions would gac-containing strains an ad-
vantage over the non-qac-containing strains.

411 Material and methods

The strains selected for the analysis were the S. aureus strain pair JE2(qac) and JE2(lacZ)
carrying the gacR-qacA genes and lacZ, respectively. For S. epidermidis, the strains investi-
gated were the HI3487qac and HI3534no-qgac.

Susceptibility testing

The strains were grown overnight in TSB and diluted down to an optical density (OD) at 600
nm of 0.001, which corresponded to approximately 1x108 colony forming units (CFU)/ml. The
inoculum was further diluted a factor 2 when added to media containing the compound of inter-
est and thus had the final inoculum size recommended for MIC testing (https://clsi.org/). The
compounds were diluted in TSB from stock. For BAC-12 the concentrations tested were 2-fold
dilutions from 8 mg/l to 0.125 mg/l. The transformation products were tested in 2-fold dilutions
in concentrations from 8000 mg/l to 125 mg/l. All compounds were tested in technical dupli-
cates and some in biological duplicates as well. Similarly, the susceptibility of HI3487gac and
HI3534no0-qac to antibiotics was tested for tetracycline (TET), gentamycin (GEN) and erythro-
mycin (ERY).

The experiments were performed in a BioScreen plate reader using 100 well plates with a final
volume of 300 ul/well. The incubation was at 37°C degrees with continuous shaking at medium
amplitude and optical density was read every 10 min for 24 h.

41.2 Results

The sub-MIC (sub-MIC) was defined as the highest concentration of the compound that al-
lowed growth of the strain at a similar level as the growth observed when no compound was
present (control) as shown in Figure 13.
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FIGURE 13. Definition of Sub-MIC and MIC concentrations based on growth in
Bioscreen plate reader of strain HI3534no-qac.

The two strain pairs S. aureus (JE2gac and JE2lacZ) and S. epidermidis, HI3487(qgac) and
HI3534(no-gac) were the ones that were carried further to the co-culture experiments; thus
those are the only for which MIC’s and sub-MIC’s were investigated for all compounds and
thus reported. Importantly, the strain pair HI3487gac and HI3534no-gac differed in susceptibil-
ity to antibiotics making it possible to select HI3487(qac) and count the number of cells on
agar plates with gentamycin while HI3534(no-gac) could enumerated on agar plates with
erythromycin (Table 2).

TABLE 2. Antibiotic susceptibilities of strains HI3487qac and HI3534no-qac.

Species ID qacA qacC BAC-12 TET GEN ERY
(smr) Hg/ml pg/mi Hg/ml pg/mi

S. epidermidis

+ qac Yes Yes 8 2 >32 4-8
HI3487
S. epidermidis

- qac No No 1-2 <0.75 1 >180
HI3534

The susceptibilities towards the parent compounds BAC-12 and DDAC are shown in Table 3
below. Interestingly, the gacA-containing strains were clearly less susceptible towards the par-
ent compounds compared to the non-gac strains, with a 4-fold to 16-fold difference, which con-
firms the important role of the qacA gene for bacteria exposed to quaternary ammonium com-
pounds. The result is especially interesting for the S. aureus strain pair, as this pair is genet-
ically isogenic only differing in the presence or absence of gacA-qacR or lacZ gene, respec-
tively.
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TABLE 3. MIC and sub-MIC concentration (mg/l) of the parent compound BAC-12 and
DDAC towards the S. aureus (JE2gac and JE2lacZ) and S. epidermidis, 3487qac and
3534no-gac strain pairs.

Conc. in mg/L S. epidermidis S. epidermidis S. aureus S. aureus
qac (3487) no-qac (3534) qac (JE2qac) no-qac (JE2lacZ)
BAC-12 MIC 8 2 16 -8 4-05
BAC-12 sub-MIC 2 0.25 1 1-0.25
DDAC MIC 8-2 4-1 2-1 2-1
DDAC sub-MIC 2-0.5 1-0.25 1 0.5-0.25

The susceptibilities towards the degradation compounds are shown in Table 4 below. The dif-
ferences between the MIC and sub-MIC were similar to what was seen for the parent com-
pounds, but the differences between the gac and no-qac strains were less pronounced and in
general showed around a 2-fold difference. For some of the compounds the MIC could not be
established as the compounds could not be added at higher concentrations because this
would result in concentrations of the organic solvent DMSO > 4%, which in our pilot studies
was found to affect the staphylococcal growth negatively. The compound QR3 was challeng-
ing to get into suspension and was generally in two phases. The compound was vigorously
shaken before it was utilized, but for the JE2lacZ results it is likely that the mixing was not ef-
fective and thus, the data for this compound is less reliable.
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TABLE 4. MIC and sub-MIC concentration (mg/l) of the degradation compounds of BAC-
12 towards the S. aureus (JE2qac and JE2lacZ) and S. epidermidis (3487qgac and 3534no-
qac) strain pairs.

Conc. in mg/L S. epidermidis S. epidermidis S. aureus S. aureus
qac (3487) no-qac (3534) qac (JE2qac) no-qac (JE2lacZ)
QR1 MIC 4000-8000 4000 8000 4000
QR1 sub-MIC 1000 500 500 250
QR2 MIC 4000 4000 >8000 >8000
QR2 sub-MIC 500-1000 500 1000 1000
QR3 MIC 1000 500 2000 >8000
QR3 sub-MIC 125 125 250 >8000
QR4 MIC 1000 1000 2000 >8000
QR4 sub-MIC 125-250 125-250 250 500
QR5 MIC 8000 4000 8000 4000
QR5 sub-MIC 500 250 500 500
QR6 MIC >8000 >8000 >8000 >8000
QR6 sub-MIC 4000 2000 4000 4000
QR7 MIC >8000 >8000 >8000 >8000
QR7 sub-MIC 2000 2000-4000 8000 8000
QR9 MIC >8000 >8000 >8000 >8000
QR9 sub-MIC 2000 1000 1000 1000
TP_250 MIC 2000 2000 2000 2000
TP_250 sub-MIC 250 250 64 64
TP_278 MIC 1000 1000 1000 1000
TP_278 sub-MIC 125 125 125 125
TP_318 MIC >500 >500 >500 >500
TP_318 sub-MIC 125 125 64 125
TP_320 MIC 400 400 400 400
TP_320 sub-MIC 100 50 50 100

4.2 Co-culture of strain pairs

4.2.1 Material and methods

The two strain pairs S. epidermidis (3487qac and 3534no-gac) and S. aureus (JE2gac and
JE2lacZ) were used in the co-culture studies.

4.21.1 Co-culture protocol

Stains were recovered from the -80°C degrees stocks on TSA or TSA with chloramphenicol
(CAM) 10 pg/ml to retain the gac of lacZ plasmid in the JE2 strain. Grown ON at 37°C de-
grees. Biological triplicates of colony suspensions were made in 0.9% sterile NaCl and OD
(600 nm) measured and adjusted in TSB or TSB+CAM 10 pg/ml respectively to OD 0.001. To
determine the actual CFU/mI an aliquot of each inoculum was diluted and plated on TSA or
TSA with CAM, grown ON at 37°C degrees and colonies counted. The strain pairs were then
mixed 1:1 and 100 pl inoculated into appropriate wells of a 96 well plate that had been pre-
pared with TSB or TSB+CAM 10 pg/ml and 2 x sub-MIC concentration of the compound to be
tested. Total volume per well 200 ul. Controls were the strain pairs in biological triplicates and
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at least technical triplicates without exposure to compounds to evaluate the competition be-
tween the strains without potential selective pressure. In addition, each strain was grown to
confirm growth and ensure that an appropriate sub-MIC had been chosen. Negative controls
were media alone or media including the compound. The plates were covered with parafiim®
and incubated ON at 37°C degrees with 180 rpm shaking.

After 1 day of exposure an aliquot per well were diluted 10~ and used to inoculate a new 96
well plate that had been prepared similarly with TSB or TSB+CAM 10 pg/ml and 2 x sub-MIC
concentration of the compound to be tested, covered with parafilm® and incubated ON at
37°C with 180 rpm shaking. This procedure was repeated once more the following day. Thus,
the strain pairs were exposed in total 3 days to the compounds.

To assess the distribution of the strains after co-culture and exposure to the compounds the
following analyses were performed: For the S. epidermidis (3487qac and 3534no-qac the
strains were distinguished based on differences in antibiotic resistance, where 3487(qac) was
resistant to gentamicin (GEN) and could be selected for on TSA with GEN 10 ug/ml and
3534(no-gac) was resistant to erythromycin (ERM) and could be selected for on TSA with
ERM 150 pg/ml. From the 96 well co-culture plates an aliquot from each well was diluted suffi-
ciently to get single colonies when plated on TSA and grown ON at 37°C degrees. Forty-five
single colonies from this non-selective plate were picked randomly onto both of the selective
plates (GEN and ERM) and incubated ON at 37°C degrees. Depending on the strain colonies
would grow on either GEN or ERM. The plating was done after 1 day of co-culture and again
after 3 days of co-culture.

For the S. aureus (JE2qac and JE2lacZ), the strains were distinguished based on the plasmids
carrying either lacZ encoding a 3-galactosidase or gacR-qacA that does not encode 3-galacto-
sidase. The expression of the lacZ gene on the pRAB12lacZ plasmid is tetracycline-inducible
and was thus induced by plating on TSA with CAM containing a final concentration of 850
ng/ml anhydrotetracycline hydrochloride (AHT) (Thermo Scientific Chemicals, CAS # 13803-
65-1). The plates further contained 200 ug/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyra-
noside (X-gal) (Thermo Scientific X-Gal), the substrate for the /acZ encoded [3-galactosidase
providing an insoluble blue colour product to colonies expressing lacZ while those expressing
gacR-qacA were white. From the 96 well co-culture plates an aliquot from each well was di-
luted to get single colonies when plated on TSA+CAM+AHT+X-gal and grown ON at 37°C de-
grees in the dark, as AHT is light sensitive. The plates were kept 1-2 days in the dark at 4°C
degrees, as this intensified the blue colour and made it easier to distinguish the colonies. The
plating was done after 1 day of co-culture and again after 3 days of co-culture.
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FIGURE 14. Methodology for co-culturing the gac and no-qac strains.

Colonies from each strain were suspended, adjusted to similar optical densities and then mix 1:1.
These co-culture mixes were inoculated into 96 well plates containing sub-MIC concentration of
the compounds to be tested for possible selection. After 1 day of incubation and exposure the co-
culture was diluted and inoculated into a new 96 well plate containing sub-MIC concentration of
the compounds and this was repeated after 2 days of exposure. After 1 day of exposure an aliquot
was further A) plated on TSA to be further selected on antibiotic selective plates the following day
or B) plated on TSA with AHT and X-gal to select by counting white/blue colonies. This was re-
peated after 3 days of exposure. This allowed for separation of the gac and no-qac strains after
the co-culture.

The discrete data from counting each of the strains was formatted into percentages and cor-
rected for any imbalance from the initial inoculum, which should ideally have the two strains in
the pair 1:1, but the data from the CFU/mI count of the inoculum showed small imbalances (for
S. epidermidis 2 to 11%; for S. aureus 2 to 16%), which were thus accounted for. From this
data the ratios between the qac/no-gac strain were calculated:

% qac

Ratio= ———
% no—qac

Ratio > 1 = more gac than no-qac bacteria present in the co-culture.
Ratio < 1 = the no-qac strain the most numerous in the co-culture.

To be able to calculate ratios the number 0 could not be allowed. Thus, in cases of 0% this
number was changed to 1%.
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4.2.2 Results

4.2.21 8. epidermidis co-culture of gac and no-qac strain

All exposure to compounds were at the sub-MIC of the most susceptible strain (table 3 and 4).
The exposure was done in biological triplicates. The controls without exposure to compound
were in biological triplicates and at least technical triplicates.

The co-culture of the S. epidermidis (3487qac and 3534no-qac) strain pair when exposed to
sub-MIC of the parent compounds BAC12 at 25 mg/L and DDAC at 50 mg/L showed a clear
and significant selection of the gac strain after 3 days of co-culture, where the no-qac strain
had been completely outcompeted (Figure 15A). Interestingly, this selection does not appear
after 1 day of co-culture at the sub-MIC concentration, but after 3 days of co-culture the gacA
containing strain showed a clear advantage in competition with the strain without qacA. This
could be due to upregulation of genes associated with increased tolerance e.g. the gacA gene.
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FIGURE 15A. Co-culture of S. epidermidis qac/no-qac. The barplots show
the ratios between the strains after 1 day and 3 days of co-culture with the
dark green bars representing controls with no treatment and light green bars
representing exposure to sub-MIC conc. of respective compound. Left graph
exposure to BAC-12; right graph exposure to DDAC. **** = p < 0.0001.

The co-culture of the S. epidermidis (3487qac and 3534no-qac) strain pair exposed to sub-
MIC of the commercially available degradations products gave varied response (Figure 15B).
For the QR1 there was a tendency towards selection of the gacA containing strain after 3 days
of exposure (3 days, + compound: mean 5.5; SD 6.3). However, there were large variations in
the response and thus no significant differences could be detected.

The exposure to sub-MIC of QR2 resulted in a significant (p = 0.01) difference between the ra-
tios of the treated versus non-treated group after 3 days of co-culture in favour of the gacA
containing strain, even though the ratio of 3487qac and 3534no-gac was not large (3 days, +
compound: mean 1.3; SD 0.3).

The exposure to sub-MIC of QR3 and QR4 seemed to favour the 3534no-gac strain. After 3
days of co-culture there was a significant difference in ratios between the non-treated control
and the treated groups. Both compound QR3 and QR4 lacks the benzene ring, which may
change the properties of the compounds compared to the parent compound.

Exposure to sub-MIC of QR6, QR7 and QR9 showed no significant selection for either of the
strains. QR5 was not tested as there was a shortage of compound.
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Figure 15B. Co-culture of S. epidermidis qac/no-qac. The barplots show the ratios between
the strains after 1 day and 3 days of co-culture with the dark green bars representing control
with no treatment and light green bars representing exposure to the respective
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compound. Graphs from left to right in reading direction exposure to QR1; QR2; QR3;QR4;
QR6; QR7; QR9.

For the experiment with exposure to the transformation products isolated from the degradation
of BAC12 (Figure 15C) the gac strain was for some reason favoured slightly after 1 day of co-
culture (1 day, no compound: mean 3.7; SD 0.9). For the TP278 and TP318 this resulted in
significant difference between the non-treated control and the treated groups, with the treated
group being less favourable for the gac strain, thus not likely to select for gac.

The TP320C could potentially give some selection for the gac, as there was significant differ-
ence between the control and the treatment ratios.
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FIGURE 15C. Co-culture of S. epidermidis qac/no-qac. The barplots show the ratios between the
strains after 1 day and 3 days of co-culture with the dark green bars representing control with no treat-
ment and light green bars representing exposure to the respective compound. Graphs from left to right
in reading direction exposure to sub-MIC of transformation products TP250; TP278; TP318; TP320C.

4.2.2.2 Co-cultures of S. aureus JE2qac and JE2lacZ

All exposures to compounds were at the sub-MIC of the most susceptible strain as shown in
Table 3 and 4. The exposures were performed in biological triplicates. The controls without ex-
posure to compound were in biological triplicates and at least technical triplicates.

The co-culture of the S. aureus (JE2qac and JE2lacZ) strain pair when exposed to sub-MIC of
the parent compounds BAC-12 at 0.25 mg/l and DDAC at 0.50 mg/I showed no selction for the
BAC-12, whereas a significant selection of the qac strain after 1 and 3 days of co-culture was
seen for DDAC, where the strain without gacA was completely outcompeted (Figure 15D).

The lack of selection for the gacA containing strain when exposed to BAC-12 could be due to
the sub-inhibitory concentration chosen. The sub-MIC for the JE2lacZ had an interval of 1-0.25
mg/L, whereas the sub-MIC for the JE2gac was 1 mg/L. The lower range of 0.25 mg/l was
chosen as the sub-MIC and at this low concentration the JE2qgac strain did not have any ap-
parent growth advantage. It could be interesting to investigate the effect of 0.5 and 1 mg/L of
BAC-12, which would still be within the sub-MIC of JE2lacZ. However, time restraints did not
allow this.
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The sub-MIC concentration of DDAC for the JE2lacZ strain was in the range 0.5-0.25 mg/L,
whereas the sub-MIC for JE2gac was 1 mg/L. Here the sub-MIC 0.5 mg/L was chosen, that
resulted in a clear selection of the JE2qac strain, which differs from the JE2lacZ strain only by
the presence of the gacR-qacA genes instead of /acZ. At this higher sub-MIC range, the qacA
gene thus seemed to be the explanation for the advantage of the strain in competition with the
JE2lacZ strain.

It is worth noting that the ratio of the JE2qgac strain to the JE2lacZ strain was oftentimes > 1
meaning that the JE2qac strain appeared to compete better even in the absence of QACs or
QAC transformation produces. Here it should be mentioned that blue colouring of the colonies
expressing lacZ were not trivial to detect. First, the JE2lacZ strain grew with smaller colonies,
thus the co-culture had to be plated at sufficiently low concentration to allow true single colo-
nies on the selective plate to promote lacZ expression and not have them masked by JE2qac
colonies. To enhance LacZ accumulation and colouring of colonies, the plates were kept 1-2
days refrigerated and in the dark. These procedures allowed the JE2lacZ and JE2gac strains
to be distinguished. However, it cannot be completely ruled out that JE2lacZ has been under-
estimated on some plates.
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Figure 15D. Co-culture of S. aureus JE2qac/JE2lacZ. The barplots show
the ratios between the strains after 1 day (first two bars) and 3 days (last two
bars) of co-culture with the dark green bars representing control with no treat-
ment and light green bars representing exposure to the respective compound.

The co-culture of the S. aureus (JE2qac and JE2lacZ) strain pair exposed to sub-inhibitory
concentrations of the commercially available degradations products gave varied response
(Figure 15E).

For the compounds QR1 and QR2 there were no significant difference in ratios between the
strains when comparing with and without exposure to the degradation product.
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The exposure to sub-MIC of compound QR3 and QR4 seemed to favour the JE2qac strain,
however the variation between the triplicates were so large that the effect was not significant.
QR3 was generally hard to handle, as it was not completely soluble, as described earlier, and
thus, the concentration applied may have varied substantially influencing the outcome of the
assay.

For the exposure to compound QR4 a substantial variation between triplicates was noted,
which currently cannot be explained. Furthermore, exposure to sub-inhibitory concentrations of
compound QR5, QR6, QR7 and QRS9 resulted in no significant selection for either of the
strains.

To summarise the commercial degradation productions did not seem to select for the JE2gac
strain at sub-MIC concentrations.
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FIGURE 15E. Co-culture of S. aureus JE2qac/JE2lacZ. The barplots show the ratios be-
tween the strains after 1 day and 3 days of co-culture with the dark green bars representing
control with no treatment and light green bars representing exposure to the respective com-
pound.
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FIGURE 15F. Co-culture of S. aureus JE2qgac/JE2lacZ. The barplots show the ratios between
the strains after 1 day (first two bars) and 3 days (last two bars) of co-culture with the dark green
bars representing control with no treatment and light green bars representing exposure to the re-
spective compound. Graphs from left to right in reading direction exposure to transformation prod-
ucts TP250; TP278; TP318; TP320C.

4.3 Discussion

In summary, we observed selection of the gacA containing strains in the presence of the par-
ent compounds BAC-12 and DDAC but did not observe selection by any of the degradation
products. A challenge in these assays is selection the concentration at which the compounds
should be tested. When attempting to determine the minimal inhibitory concentration for the
transformation products we were unable to do so for some reflecting that the compounds had
completely lost their antimicrobial activity. However, for other degradation products we were
able to determine a MIC reflecting that the transformation products retained a slight antimicro-
bial activity with a MIC substantially higher than the parent compounds. Given the laborious
assay used for assessment of the competition between gacA containing and non-qacA cells
we only selected one concentration (the sub-MIC) for the competition experiments and the re-
sults only provide limited information about the selective power of the degradation products.
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5. Impact of biological BAC
degradation on gac
containing Staphylococci

5.1 Degradation of BAC-12 by Pseudomonas nitroreducens
Biodegradation of QACs has been described in section 1.1.1 . On one hand the degradation of
the parent compounds is crucial to reduce the environmental impact they can have, but on the
other hand it is important also to investigate the impact of the degradation compounds (trans-
formation products). Microbial consortia capable of degrading BACs have been enriched from
various environmental sources, including sewage, activated sludge, soil, and marine sedi-
ments. These communities are often dominated by species from the genera Pseudomonas
and Achromobacter (Tezel & Pavlostathis, 2015). Pseudomonas nitroreducens has been iden-
tified as a key BAC degrader, often dominating microbial communities in BAC-contaminated
environments. This species exhibits adaptive responses to BAC exposure, potentially enhanc-
ing its biodegradation capabilities over time (Oh et al., 2014).
The degradation pathway of BAC typically involves enzymatic cleavage of the C-alkyl-N bond,
producing various intermediates:
- Primary degradation products: benzyldimethylamine (BDMA), benzylmethylamine,
benzylamine, and benzaldehyde (Sakarya et al. 2021), as well BAC-12 tranformation
products formed via a-, 8- and w-oxidation (Larrson et al., 2024)

- End product: benzoic acid, which can be further metabolized via central metabolic
pathways (Patrauchan & Oriel, 2003).

The degradation product BDMA has a half maximal effective concentration (ECso) value ap-
proximately 500 times higher than BAC, indicating a substantial reduction in toxicity following
initial biodegradation steps (Oh et al., 2014). Overall, BAC degradation significantly lowers its
environmental toxicity, reducing its impact on higher organisms such as daphnia, crayfish, and
fish. However, the continuous presence of BAC in aquatic and terrestrial environments exerts
selective pressure on microbial populations, leading to the development of BAC-resistant
strains. Prolonged BAC exposure alters bacterial gene expression, affecting traits such as mo-
tility, biofilm formation, and overall fitness. The potential for cross-resistance to antibiotics due
to BAC exposure highlights the ecological risks associated with the widespread use of QACs
(Tezel & Pavlostathis, 2015). Understanding the genetic and biochemical pathways involved in
BAC degradation can inform the development of bioremediation strategies to mitigate BACs
pollution in various environments.

5.1.1 Material and Methods

Four Pseudomonas nitroreducens (P. nitroreducens) strains were purchased from the Culture
Collection University of Gothenburg (ccug.se).

Optimal growth conditions were established regarding growth media and temperature. A tem-

perature of 30°C with shaking (180 rpm) and a large surface for aeration gave the best results.
TSB and LB were both suitable media, but TSB was chosen, as that is the preferred media for
Staphylococci.
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MIC and sub-MIC determination

The MIC and sub-MIC towards BAC-12 was found for each strain by growing them in bi-
oscreen plates with continuous shaking and measuring every 15 min in a plate reader for 24 h,
as described in section 4.1.1 except for the temperature, which was set to 30°C.

Biodegradation of BAC-12 by Pseudonomas

Pilot studies were conducted to establish a protocol for biodegradation of BAC-12 by P. ni-
troreducens. Different media compositions, incubation periods and BAC-12 concentrations
were tested (data not shown), which led to the following protocol partially based on a method
previously described (Oh et al, 2014).

P. nitroreducens strain (54619) was streaked from -80°C onto a TSA plate containing 32 pg/mi
BAC-12 and grown 20-24 h at 30°C. Three Erlenmeyer flasks with TSB and 32 ug/ml BAC-12
were inoculated with 2-3 colonies each and incubated ON 30°C, shaking 180 rpm. A positive
control without BAC-12 was included.

The ON cultures were spun down for 7 min at 8000 g, supernatant decanted and cells washed
with 10 ml of filter sterilized tap water. This process was repeated twice.

New Erlenmeyer flasks were prepared in triplicate containing 40 ml of either:

a. TSB with 48 mg/l BAC-12

b. TSB with 8 mg/l BAC-12

c. 1:10 TSB and TW with 48 mg/l| BAC-12

d. 1:10 TSB and TW with 8 mg/l BAC-12
Positive controls were flasks with media and no BAC-12.
Flasks were inoculated with washed P. nitroreducens at a final OD 0.01.
Negative controls were one of each of the above-mentioned combinations with no bacteria
added.
Incubation for 5 days at 30°C, shaking 180 rpm, in dark to avoid photo degradation. Samples
taken at time: 0 h; 2 h; 19 h; 25 h; 48 h; 120 h. Samples were spun down for 7 min at 10.000
g. Supernatants were pipetted into 1.5ml HPLC glass vials (Mikrolab, Aarhus) and stored at
4°C. At the final time point the pelleted P. nitroreducens were stored as well at -20°C.
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5.1.2 Results

The BAC-12 MIC towards the P. nitroreducens strains were between 128 — 256 mg/L and the
sub-MIC were between 4 — 8 mg/L. Detailed information on the strains in appendix 1.1.

One strain (54619) was chosen for the biodegradation. The strain had a sub-MIC at 8 mg/L,
where the growth was similar to the positive control for that same strain, however, the strain
did grow in conc. between 16 - 128 mg/L.

256 mg/l
128 mg/l
64 mg/l
32 mg/l
16 mg/l
8 mg/I

4 mg/l

R I

0 mg/l

Log10_0OD (600 nm)
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FIGURE 16. Growth curves for Pseudomonas nitroreducens (strain 54619) with BAC-12.
The control grown without BAC-12 in dark green squares (0 mg/L). The sub-MIC in green tri-
angles (8mg/l). MIC in light grey triangles (256 mg/L).

The degradation experiment showed difference between the two media concerning the pro-
duced biomass. The full TSB media allowed for more growth of P. nitroreducens and thus
more biomass compared to the 1:10 TSB and tap water (TW). The reason for including the di-
luted growth medium in the experiments was to mimic the environmental conditions with lower
amounts of nutrients available. Further, the lower nutrient availability could potentially force P.
nitroreducens to use more of the BAC-12 as a carbon source for growth.

5.2 MIC for Staphylococci exposed to the supernatant from
the degradation experiment

5.2.1 Material and Methods

Broth Microdilution test for MIC determination

To provide an initial assessment of how the microbial turnover of BAC by P. nitroreducens im-
pacts Staphylococci that carry gacA, the supernatants from the biodegradation were applied to
our strain sets described in 3.2 and 3.3.

The S. epidermidis strains HI3487gac and 3534no-qac and the S. aureus JE2gac and JE2lacZ
were streaked onto TSA and TSA plus CAM 10 ug/ml respectively and grown over night at
37°C.
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The pH of the spent supernatants were tested and found slightly alkaline (8 — 8.8) and were
thus adjusted with HCI to reach a pH close to the normal pH of TSB (6.7-7).

96 well plates were prepared with a 2-fold dilution range from the supernatants taken from the
TSB and 48 ug/ml BAC-12 and 1:10 TSB and TW and 48 ug/ml BAC-12. To give a finer range
of concentrations a 2-fold dilution series was prepared from supernatants initially diluted 1/3,
thus the final concentrations tested were 24; 16; 12; 8; 6; 4; 3; 2; 1; 0.5 g/L. The dilutions were
performed in spent supernatant from the positive controls, to evaluate the possible effect that
spent supernatant from P. nitroreducens could have on the Staphylococci.

The negative controls containing media and BAC-12 but no bacteria were tested against
Staphylococci as well, to determine BAC-12 degradation unrelated to P. nitroreducens e.g.
due to incubation, aeration and/or components in the media.

Further controls were spent supernatant spiked with fresh non-degraded BAC-12, and sterile
MilliQ water likewise spiked with fresh non-degraded BAC-12 in the same dilution range. Each
of the triplicates from the degradation experiment were tested in technical duplicates.
Inoculums of the Staphylococci were prepared in 2 times concentrated TSB to a final OD of
0.001, which corresponds to approx. 5 x 105 CFU/ml. The final volume was 150 pl/well. Plates
were sealed with parafilm and incubated at 37°C with 180 rpm shaking for 16 - 20 h. Results
were read macroscopically as growth or no-growth for a given strain and concentration. First
well with no growth defined the MIC value.

5.2.2 Results

The spent supernatant from the degradation experiments (section 5.1.1.) supposedly contain
both degraded and non-degraded BAC-12. Therefore the MIC will indicate the concentration
that was present in the media at the beginning of the degradation experiment, thus if an in-
crease in MIC is seen compared to what was obtained with non-degraded BAC-12 this likely
reflects degradation or inactivation of BAC-12 has taken place.

As seen in Table 5 the results from the MIC testing of the Staphylococci when exposed to the
spent supernatant indicate that degradation of BAC-12 had taken place. The degradation per-
formed in TSB media resulted in three out of four strains growing in the 24 mg/L wells, and the
non-qac S. epidermidis had a MIC of 16 mg/L. Thus, an at least 4-fold up to 16-fold increase in
MIC makes it likely that part of the BAC-12 had been degraded by the P. nitroreducens (Table
5). Unfortunately, the degradation experiment could not be performed at higher concentrations
of BAC-12, as the P. nitroreducens would not grow well at these concentrations.

The negative control was BAC-12 was incubated in the media without adding P. nitroreducens
resulted in an increased MIC of the Staphylococci as well indicating that some degree of deg-
radation occurred independently of the P. nitroreducens e.g. due to aeration of the BAC-12.
The spent supernatant to which BAC-12 had been added resulted in an increased MIC of the
Staphylococci as well. This could be due to components present in the spent supernatant such
as enzymes secreted by the P. nitroreducens, but remains to be determined.
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TABLE 5. Apparent MIC’s (mg/L) of the Staphylococci exposed to the spent supernatants
from the degradation experiments done in full TSB media. The supernatants will contain both
degraded and non-degraded BAC-12 and thus MIC indicate the concentration present in the media
in the beginning of the degradation experiment. No confidence interval reported, as the triplicates
all gave the same results, and the controls were performed in singlets or duplicates for comparison
within the experiment.

Tested MiC MIC MiC MIiC
S. epidermidis S. epidermidis S. aureus S. aureus
qac (3487) non-qac (3534) qac (JE2qac) non-qac (JE2lacZ)
Spent Supernatant >24 16 >24 >24
TSB with BAC-12
NC incubated BAC-12 12 8] 16 4
Spent Supernatant 12 2 16 &

TSB spiked with BAC-12

BAC-12 in sterile water 6 1 8 2

The results from the MIC testing of the Staphylococci when exposed to the spent supernatant
from the diluted media containing 1:10 TSB and tap water resulted in only an up to 2-fold in-
crease in MIC (Table 6). This suggests that the degradation by P. nitroreducens was less pro-
nounced under nutrient deprived conditions.

The negative control was BAC-12 was incubated in the media without adding P. nitroreducens
resulted in no or only slight increased MIC of the Staphylococci indicating that degradation in-
dependently of the P. nitroreducens was likely less pronounced in the diluted media.

The spent supernatant spiked with fresh non-degraded BAC-12 resulted in no or only slightly
increased MIC. The non-degraded BAC-12 in sterile water is reported with a MIC 3-4 mg/L as
the test was done in duplicate and gave these results.

TABLE 6. Apparent MIC’s (mg/L) of the Staphylococci exposed to the spent supernatants
from the degradation experiments done in 1:10 TSB and TW media. No confidence interval re-
ported, as the triplicates all gave same results, and the negative controls (NC) were performed in
singlets or duplicates for comparison within the experiment.

Tested MIC MIC MIC MIC
S. epidermidis S. epidermidis S. aureus S. aureus
qac (3487) non-qac (3534) qac (JE2qac) non-qac (JE2lacZ)

Spent Supernatant 12 2 16 4

1:10 TSB and TW with

BAC-12

NC incubated BAC-12 8 2 12 4

Spent Supernatant 6 2 12 2

1:10 TSB and TW spiked

with BAC-12

BAC-12 in sterile water 6 1 12 3-4
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5.3 Analysis of the supernatants for BAC 12 transformation
products using HPLC-MS

5.3.1 Material and Methods

Metabolic identification was performed using a SCIEX ExionLC 2.0+ UHPLC system (AB SCIEX,
Framingham, MA, USA) for chromatographic separation and an API 6600 quadrupole/time-of-
flight (Q-TOF) mass analyzer (AB SCIEX, Framingham, MA, USA) for detection. Chromato-
graphic separation utilized a reversed-phase (RP) system with an Acquity UPLC BEH Shield
RP-18 column (1.7 ym, 2.1 x 30 mm; Waters, Milford, MA, USA) maintained at 30°C and an
injection volume of 10 yL. The HPLC gradient employed two mobile phases: Chromasolv water
with 0.1% formic acid (Phase A) and Chromasolv methanol with 0.1% formic acid (Phase B),
both from Honywell (Riedel-de Haén GmbH, Seelze, Germany). The flow rate was set at 0.3
mL/min, with the gradient programmed as follows: 0—1 min, 0% B; 1-9 min, linear ramp to 80%
B; 9—11 min, linear ramp to 100% B; and 11-16 min, 100% B maintained.

Metabolite identification was conducted supported by MarkerView (Version 1.3.1: 2017) and
MetabolitePilot (Version 2.0.4; 2018) as well as ChemSketch Software (Advanced Chemistry
Development, Inc, 2021) with additional analysis of chromatograms in SciexOS (Version 1.6.1;
2019). Peak identification in MarkerView was set to identification within a period from 1 to 12
min; retention time tolerance was put to 0.1 min and mass tolerance was set to 20 ppm.
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5.3.2 Results

Figure 17 shows the results for BAC-12 concentrations in samples during incubation with P.
nitroreducens under different conditions, including varying initial BAC-12 concentrations and
media (full TSB, 1:10 waster:TSB, as mentioned above in 5.1.1). In general, no clear degra-
dation of BAC-12 was observed. Only in the incubation with 1:10 TSB and TW at an initial con-
centration of 48 mg/L BAC-12 did a slow decline of BAC-12 appear during the test. However, a
similar trend was also observed in the control experiment (same conditions but without bacte-
ria), suggesting that this decline is not biologically driven.

4,E+08 - —strain 19 (48pug/ml BAC-12. in TBS)
==p==strain 19 (8ug/ml BAC-12 in TBS)
strain 19 (48ug/ml BAC-12 in TBS+TW)
strain 19 (8ug/ml BAC-12 in TBS+TW)
Control (TBS media without BAC-12)
Control (TW+TBS media without BAC-12)
e Control (TBS media with 48ug/ml BAC-12)
Control (TBS media with 8ug/ml BAC-12)
T Control (TW+TBS media with 48ug/ml BAC-12)
Control (TW+TBS media with 8ug/ml BAC-12)
| ==¢==TBS negative control
I | «=tr==TW+TBS negative control

Inensity (cps)

0 20 40 60 80 100 120
Time (h)

FIGURE 17. Degradation of BAC-12 by Pseudomonas nitroreducence (strain 54619).

54 Discussion

Chemical analysis of the supernatants indicated that BAC-12 was not effectively degraded in
any of the tested media. Furthermore, no transformation products (TPs) of BAC-12 were de-
tected. These findings suggest that, despite differences in biomass production, P. nitrore-
ducens does not appear to utilize BAC-12 as a primary carbon source under the conditions
tested. The observed biomass increase in full TSB medium is likely due to the presence of
other available nutrients rather than BAC-12 degradation. This outcome highlights the need for
further investigation into the metabolic pathways of P. nitroreducens and its potential capacity
(or inability) to degrade BAC-12 under different environmental or nutritional conditions.
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6. Metabolization and/or
extrusion of BAC by
Staphylococci

6.1 Degradation experiment the Staphyloccal strain pairs

6.1.1 Material and Methods

The Staphylococcal strain pairs described in 3.2 and 3.3, which were S. epidermidis strain
HI3487qac and HI3534no-qac and the S. aureus strains JE2qac and JE2lacZ, were used in
these degradation and extrusion experiments.

MIC and sub-MIC determination

The MIC and sub-MIC towards BAC-12 is described in section 4.1.1. However, the optimal
sub-MIC concentration under the conditions of the degradation experiment were established in
pilot studies and shown in Tabel 7 below.

TABLE 7. Sub-MIC concentration of BAC-12 allowing for
growth of the Staphylococcal strains.

Strain Sub-MIC BAC-12 mg/l
S. epidermidis qac 2

S. epidermidis non-gac 0.5

JE2qac 4

JE2non-qac 1

Biodegradation and/or extrusion of BAC-12 by Staphylococci

The S. epidermidis strains HI3487qac and HI3534no-qac and the S. aureus strains JE2gac
and JE2lacZ were streaked onto TSA and TSA plus CAM 10 pg/ml respectively and grown ON
at 37°C.

The following day 2-3 colonies were inoculated into 5 ml of TSB and TSB plus CAM 10 ug/ml
respectively including the sub-MIC concentrations of BAC-12 (Table 7) and grown 20-24 h at
37°C, shaking 180 rpm. A positive control without BAC-12 was included.

ON cultures were spun down for 7 min at 8000 g, supernatant decanted and cells washed with
1.8 ml of sterile 0.9% NaCl water. This process was repeated twice.

New Erlenmeyer flasks were prepared in triplicate containing 16 ml of TSB containing the
BAC-12 concentrations corresponding to the MIC determined in Table 7 namely:

a. TSB with 2 yg/ml BAC-12

b. TSB with 0.5 pg/ml BAC-12

c. TSB with 4 ug/ml BAC-12 and CAM 10 pg/ml

d. TSB with 1 pyg/ml BAC-12 and CAM 10 pg/ml

Positive controls were flasks inoculated with the respective strains in media without BAC-12.
Flasks were inoculated with washed Staphylococcal strains at a final OD 0.01 in flasks con-
taining the sub-MIC concentration of BAC-12 that had been determined for the given strain
(Table 7).
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Negative controls were one of each of the above-mentioned combinations (a-d) with no bacte-
ria added, and one with media only.

Incubation for 5 days at 37°C, shaking 180 rpm, in dark to avoid photo degradation. Samples
taken at time: 0 h; 21 h; 27 h; 96 h; 120 h. Samples were spun down for 7 min at 10.000 g. Su-
pernatants were pipetted into glass vials (company) and stored at 4°C. The pelleted Staphylo-
cocci were stored at -20°C at all time points except time zero.

6.1.2 Results

The sub-MIC concentrations chosen allowed for good growth of the strains, with dense cul-
tures after 21 h. However, at the 96 h and 120 h the cultures became less dense due to lysis
of dead cell. The cultures had foul odour, and the pellets were smaller compared to the sam-
ples taken at 21 h and 27 h again supporting that cells were dead likely due to lack of nutri-
ents. For the results regarding degradation and/or extrusion, see 6.2.2.

6.2 Analysing the supernatants for BAC 12 transformation
products using HPLC-MS

6.2.1 Material and Methods

The same analytical method previously described in section 5.2.1 was used to analyse these
supernatant samples.

6.3 Results

6.3.1 BAC-12 degradation

In the supernatants of the incubated Staphylococcus strains, significant degradation of BAC-
12 was observed. This is clearly evidenced by the results presented in Figure 18 and Figure
19, which demonstrate a notable decrease in BAC-12 concentration over the course of the in-
cubation period.

BAC-12 incubation with Staphylococcus
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FIGURE 18. BAC-12 degradation with Staphylococcus epidermidis strain HI3487qac.
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BAC-12 incubation with Staphylococcus
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FIGURE 19. BAC-12 degradation with Staphylococcus epidermidis strain HI3534no-
gac.

The degradation of BAC-12 occurred rapidly during the first 24 hours of incubation. However,
in the subsequent hours, an unexpected increase in BAC-12 concentrations was observed.
This trend could potentially be explained by solvent evaporation during incubation at 37°C,
which may have led to an up-concentration of BAC-12 in the samples. Another explanation
could be that BAC-12 initially stored inside the cells have been released due to the lysis of
dead cell as described in 6.1.2.

The confirmation of BAC-12 degradation is supported by the identification of four main trans-
formation products: TP318, TP304, TP248 and TP262. The identification was made on m/z
ppm error < 20 ppm and retention time and comparison with literature (Larsson et al. 2024);
The 3 digit number after TP means the monoisotopic mass of the compound (Table 8).
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TABLE 8. BAC-12 transformation products identified

Compound Molecular formula
~
TP262 N O
\/\/\/Y
OH
O

TP248 \AIM
X OH
oo \AIM
X OH

|+
TP318 ~

Since these transformation products are not commercially available, it was not possible to
quantify them by. But comparing the area of the peak of the transformation products with the
area of the peak of BAC-12 we are able to determine if the concentration of these compounds
is increasing/decreasing during the incubation time.
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6.3.2 Biodegradation products

6.3.2.1 Results for Staphylococcus epidermidis HI3487qac

Figure 20 to Figure 23 show the results regarding the formation of transformation products. It

can be observed that the most prominently produced TPs are TP262 and TP248, followed by

smaller quantities of TP304 and TP 18. Their production peaks around 10 hours of incubation,

with the exception of TP318, which exhibits a significant increase in concentration at 120
hours of incubation.

TP262 production
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FIGURE 20. TP262 production with Staphylococcus epidermidis HI3487qac.

TP248 production
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FIGURE 21. TP248 production with Staphylococcus epidermidis HI3487qac.
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TP304 production
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FIGURE 22. TP304 production with Staphylococcus epidermidis HI3487qac.

TP318 production
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FIGURE 23. TP318 production with Staphylococcus epidermidis HI3487qac.
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6.3.2.2 Results for Staphylococcus epidermidis HI3534no-qac.

Thus, the formation of transformation products with strain not containing gacA is different with
respect to the strain containing qacA. The TP262 and TP318 are initially formed in the first 20
h and then and subsequently degraded during the incubation. Vice versa, TP 248 and TP304

are constantly formed with the maximum at the end of the incubation period (120h) (Figure 24
to Figure 27).
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FIGURE 24. TP262 production with Staphylococcus epidermidis HI3534no-qac.
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FIGURE 25. TP248 production with Staphylococcus epidermidis HI3534no-qac.
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TP304 production
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FIGURE 26. TP304 production with Staphylococcus epidermidis HI3534no-qac.

TP318 production
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FIGURE 27. TP318 production with Staphylococcus epidermidis HI3534no-qac.

6.3.2.3 Staphylococcus aureus JE2qgac and JE2lacZ

Analysis of the supernatants from the S. aureus JE2qac and JE2lacZ incubations indicate a
BAC-12 degradation of 90-95% (Figure 28 and Figure 29). However, the production of trans-
formation products is different between the two strains (Figure 30 to Figure 37). S. aureus
JE2gac incubation resulted in substantial production of TPs, with the maximum reached be-
tween 100 and 120h and a small further degradation of TP262 and TP318. In contrast, S. au-
reus JE2lacZ incubation resulted in a very low concentration of all TPs monitored, indicating
that other metabolic pathways or BAC-12 degradation mechanism are involved.
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BAC-12 incubation with Staphylococcus
aureus JE2qac
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FIGURE 28. BAC-12 degradation with Staphylococcus aureus JE2qgac.

BAC-12 incubation with Staphylococcus
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FIGURE 29. BAC-12 degradation with Staphylococcus aureus JE2lacZ.
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TP262 production
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FIGURE 30. TP262 production with Staphylococcus aureus JE2qgac.

TP248 production
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FIGURE 31. TP248 production with Staphylococcus aureus JE2qac.
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FIGURE 32. TP304 production with Staphylococcus aureus JE2qac.
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TP318 production
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FIGURE 33. TP318 production with Staphylococcus aureus JE2qac.
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FIGURE 34. TP262 production with Staphylococcus aureus JE2lacZ.

TP248 production
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FIGURE 35. TP248 production with Staphylococcus aureus JE2lacZ.
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TP304 production
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FIGURE 36. TP304 production with Staphylococcus aureus JE2lacZ.
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FIGURE 37. TP318 production with Staphylococcus aureus JE2lacZ.

6.4 Discussion

All the Staphylococcus strains tested were able to metabolize BAC-12, indicating that the abil-
ity to degrade this compound is not exclusive to resistant strains but is a shared metabolic trait
among the strains examined. Notably, even the non-resistant strain was able to degrade BAC-
12, which suggests that degradation can occur independently of specific resistance mecha-
nisms. However, resistance in some strains is likely facilitated by a combination of different-
mechanisms, primarily the action of efflux pumps that actively transport BAC-12 out of the cell,
reducing its intracellular concentration. Additionally, these resistant strains appear to have en-
hanced metabolic pathways that enable them to efficiently break down BAC-12. This dual
mechanism—efflux and metabolism—contributes to the strains' ability to resist and degrade
BAC-12 more effectively compared to non-resistant strains (Table 9).
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TABLE 9. Summarizing the observed differences in BAC-12 degradation capacity
and TPs production across different bacterial strains. The symbols indicates a
range from - (no degradation) to +++ (strong degradation).

Strain qac genes BAC-12 TP262 TP248 TP304 TP318

degrada-

tion
Staphylococcus epidermidis gacA ++ ++ ++ + +
3487
Staphylococcus epidermidis none ++ ++ ++ + +
3534
Staphylococcus aureus gacA +++ ++ ++ ++ ++
JE2qac (gacA — cloned

via pRAB12)

Staphylococcus aureus pRAB12 —lacZ +++ + + + +
JE2lacz plasmid vector
Pseudomonas nitrore- N/A - - - - -

ducens strain 19
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7. Overall discussion and
conclusions

Quaternary ammonium compounds (QACs) are widely used in many parts of society and while
they are largely predicted to be removed in sewage plants there is a risk that these com-
pounds and their degradation products may be present in the environment. In this project we
have examined the degradation of BAC-12 and assessed the transformation products as well
as DDAC for their antimicrobial properties as well as for their ability to select for bacteria that
harbour gacA involved in extruding QACs from bacterial cells by efflux.

The degradation of BAC is complex, and the separation of the BAC degradation products
proved somewhat difficult, most likely due to co-elution of transformation products with similar
structures. However, despite these challenges we were able to isolate 4 transformation prod-
ucts and confirm their structure, namely TP250, TP278, TP320 and TP318. In addition, we in-
cluded several transformation products that were commercially available.

To examine the impact of BAC-12 transformation products on pathogenic bacteria we selected
S. aureus and S. epidermidis as target bacteria. These bacteria are among the major causes
of skin and soft tissue infections as well as a large number of invasive infections such as endo-
carditis, osteomyelitis and bacteraemia while at the same time as being transmitted in health
care environments and causing nosocomial infections (Schilcher et al., 2020). Available to the
project we had clinical collections of both S. aureus and S. epidermidis strains. Due to experi-
mental challenges associated with the genetic manipulation of the clinical strains we ended up
with two strain pairs representing a gacA positive and a qacA negative strain for both S. epi-
dermidis and S. aureus. Such challenges are common for clinical strains (Jones et al., 2015).
For S. epidermidis we decided on two strains that had similar growth properties and where one
of the strains contained a >30 kb plasmid expression gacA and the gacR repressor needed to
control gacA gene expression. In addition, the strains could be distinguished by their antibiotic
resistance markers with the gacA positive strain (HI3487qgac) being resistant to gentamycin
and the gacA negative strain (HI3534no-gac) being resistant to erythromycin. These properties
allowed the two strains to be co-cultured without any significant growth bias and subsequently
allowed for the determination of the ratio of gacA positive cells relative to the gacA negative
cells.

For S. aureus we created an isogenic strain pair by cloning the gacA-gacR genes into the
plasmid pRAB12-/acZ by substituting the /acZ gene with the qac genes. In this strain pair we
also confirmed that the plasmids themselves did not affect the growth of JE2, the S. aureus
USAS300 strain employed. For this strain pair we were able to differentiate the cells based on
the gacA negative cells expressing B-galactosidase, the lacZ gene product that in the pres-
ence of the substrate X-Gal (5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside) results in blue
colonies. While this in principle distinguished gacA positive cells from gacA negative cells we
experienced that slightly too many cells on the agar plates interfered with the /acZ attributed
colouring of the gacA negative colonies and this challenge may have been a source of variabil-
ity in our assessments of competition between S. aureus cells carrying gacA genes and those
that did not contain gacA as discussed below.

With our strain pairs we turned to examining susceptibility to BAC-12, DDAC and the transfor-
mation products. For this we used a traditional broth dilution assay for assessing the minimal
inhibitory concentration (MIC) and in addition we defined a “sub-inhibitory” concentration as
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the highest concentration of a compound that allowed growth similar a given strain in the ab-
sence of compound. When examining the antimicrobial properties of the parent compounds
we found that the MIC for BAC-12 was greater for cells harbouring gacA for both S. aureus
and S. epidermidis while the difference was less pronounced for DDAC. Importantly for all
tested transformation products the MICs were between 200 and >1000 times greater than the
values observed for the parent compound, BAC-12. Thus, we were not able to detect antimi-
crobial properties of any of the transformation products.

Subsequently we assessed how the parent compound and the transformation products af-
fected the competition between strains with and without gacA when co-cultivated. Here we ob-
served that for the S. epidermidis strain pair sub-MIC concentrations of both BAC-12 and
DDAC provided strong selection of the strain harbouring the gacA gene where after three days
of exposure the gacA containing strain had taken over the entire population. Similar results
were observed for DDAC in S. aureus whereas a sub-MIC concentration of BAC-12 did not se-
lect the qacA containing strain during co-cultivation in this strain pair. This was somewhat sur-
prising as we had noted a fourfold difference in MIC between the JE2gac compared to the
JE2non-gac. However, we observed less difference in the sub-MIC concentrations between
the two strains and this may be the reason that it was not translated into selection of the gacA
containing strain. For the transformation products we also assessed the minimal inhibitory con-
centration and were for some of the products still able to detect antimicrobial activity although
much greater concentrations than the parent compounds were needed. Based on these anal-
yses we estimated a sub-MIC testing concentration and with that we observed either no or
marginal selection of the gacA containing strains. In fact, for several of the transformation
products (compound QR3, QR4, TP318 and TP320) we observed that the gacA containing
strain was counter-selected by the compounds in the S. epidermidis strain pair. This observa-
tion is in parallel with what has been observed for antibiotics where some of the degradation
products of tetracyclin counterselect strains carrying the resistance genes (Palmer et al.,
2010). For the S. aureus strain pair were did not see selection or counterselection of the qgacA
during co-cultivation. However, for the S. aureus stains we experienced substantial variation
between assays. Thus, what may appear as selection of gacA by QR3 was not statistically sig-
nificant and more repetitions will be needed to assess whether there may be a selection. In
conclusion based on these results we were not able to demonstrate selection of gacA contain-
ing S. aureus or S. epidermidis strains in the presence of BAC-12 degradation products. How-
ever a major caveat is that we were only able to assess competition at a single concentration
of the transformation products and that the sub-MIC values selected for assessment were al-
most arbitrarily selected due to the minimal antimicrobial activity left in the transformation prod-
ucts.

Lastly, we examined biodegradation of BAC-12 either by Pseudomonas nitroreducens or by
staphylococcal strains carrying the gacA gene. For P. nitroreducens it has previously been re-
ported to degrade QACs however in our hands we were unable to detect any degradation of
BAC-12 over a five-day period. The difference between our data and those reported may be
that we conducted our experiments in diluted broth media where alternative carbon sources
are available and thus, the metabolization of QACs is less pronounced. In contrast for all the
staphylococcal strains tested we were able to observe BAC-12 being metabolized. These re-
sults were seen irrespectively of whether the strains carried the qacA gene or not indicating
that the ability to degrade BAC-12 is not exclusive to resistant strains but is a shared metabolic
trait among the strains examined. However, more detailed studies will be needed to determine
the role of the gacA encoded efflux activity in ridding bacterial cells from metabolic degradation
products of BAC-12. The dual mechanism—efflux and metabolism—of gacA expressing cells
may contribute to the strains' ability to resist and degrade BAC-12 more effectively compared
to non-resistant strains.
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8. Perspectives and
limitations

The study shows that the presence of qacA strongly influences the minimal inhibitory concen-
trations of both S. aureus and S. epidermidis to to the compounds BAC-12 and DDAC. Also,
our data show that in the presence of subinhibitory concentrations of these compounds, there
is a selection of cells ongoing favouring those carrying the gacA gene. This effect was particu-
larly apparent for S. epidermidis. Further, our results indicate that at for those concentrations
of BAC-12 transformation products that were tested, these degradation products do not select
for strains that carry the gacA gene. However, this conclusion can only be drawn at a single
concentration of the transformation products due to the inherent difficulties of defining a mini-
mal inhibitory concentrations for the transformation products and the low throughput of the
competition assay assessing the competition between gacA-containing and non-containing
strains. Thus, our results only provide a snapshot of the potential effects of transformation
products on this competition. For providing a more nuanced picture of the ability of BAC-12
transformation products to select for gacA containing cells it will be valuable with a high
through-put assay that can cover a variety of concentrations and ideally also the impact of en-
vironmental factors. To this end we observed that Staphylococcal cells are themselves able to
degrade BAC-12 and that they do so irrespectively of the presence of the gacA gene. This
turnover could be affected by the growth rate of the strains but this was not examined in the
presence study. It could be interesting to determine the impact of degradation products pro-
duced by S. aureus on the selection of gacA-containing cells. Further, our finding that S. au-
reus and potentially other pathogens are able to metabolize BAC-12 should be taken into con-
siderations in future assessments of BAC-12 susceptibility testing.
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Appendix 1.

Appendix 1.1

Strain list

IM08B is a mutant that allows plasmid DNA to bypass a conserved Staphylococcal
type IV restriction system, which was identified as the major barrier to transformation
with foreign DNA (Monk et. Al, 2015)

8325-4, S. aureus (Novick, 1967).

RN4220 S. aureus, restriction defective of 8325-4 (Nair et al., 2011)

JE2, S. aureus, CC8, USA300, plasmid cured (Fey et al., 2013)

JE2qac = S. aureus JE2 transformed with pRAB12-qacA (gacA substituting lacZ)
JE2lacZ = S. aureus JE2 transformed with pRAB12-lacZ

MS59, S. aureus strain containing gacA-gacR plasmid (Mikkelsen et al., 2023)

M7088, S. aureus strain lacking gacA-qacR (Mikkelsen et al., 2023)

HI3487 qac-containing, gentamycin resistant S. epidermidis. Other strain name: BD-
62b 2/11-11 (Skovgaard et al., 2013)

HI3534 no-gac, erythromycin resistant S. epidermidis. Other strain name: Sissel
Skovgaard (BD-45 19/9-11) (Skovgaard et al., 2013)

JCM 16554 S. aureus, smr/qacC positive strain, from DSMZ culture collection
(https://bacdive.dsmz.de/strain/161809).

JCM 16555 S. aureus, qacA positive strain, from DSMZ culture collection
(https://bacdive.dsmz.de/strain/161810).

JCM 16556 S. aureus, qacB positive strain, from DSMZ culture collection
(https://bacdive.dsmz.de/strain/161811).

HI3549 S. aureus, smr/qacC positive. Other strain name: JCM1554 smr positiv 5/1-
12 (Skovgaard et al., 2013).

Pseudomonas nitroreducens (P. nitroreducens) strains were purchased from the Cul-
ture Collection University of Gothenburg (ccug.se).

P. nitroreducens 54619 strain collection from Gothenberg collection
(https://www.ccug.se/strain?id=54619).

Plasmids
pRAB12-lacZ plasmid containing lacZ reporter gene (Helle et al., 2011).
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Appendix 1.2

Compound ID Chemical name Chemical formula
n-CHa
TP151A (Dimethylaminomethyl) phenol /©/\(|3H
3
HO
GHs
N.
CHs

TP208B N,N-Dimethylbenzylamine

HsC
TP186 N,N-Dimethyldecylamine ‘\_\_\_\_\

N—CH
/ 3
HsC

H,C

TP201 N,N-Dimethyldecylamine N-oxide
o
N;—CH
/ 3
HsC

N,N-Dimethylbenzylamine-N-Ox-
TP151C de

OH
2-[(Dimethylamino)methyl]phenol .CHg
TP151B [}I
CHs3
O
N+_
|
o

Tetramethylammonium chloride \ o+
TPO74

N-Benzyl-2-hydroxy-N,N-di- I
TP180 methylethanamin CHS cr
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Compound ID Chemical name Chemical formula

CHs

+

I
BAC-12 Benzyldimethyldodecylammonium I"IJ—CHQ(GHQ)1DCH3
chloride (BAC-12) CH, cl

OH

TP278 TP278 o]

SN~

OH
TP318

TP318 s
TP320C TP320C

<

R T N e’
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Appendix 1.3

BAC-12
m/z: 304.296
CyiHygN
TP320C
oH  miz: 320.298
Cy HagNO
c
o TP318
© O miz 318.282
2 CyyHyNO
?
3 oH TP334 —
miz: 334.276
o CZ|H35N02
OH
P332 . on  Thegreical
N O miz 332.256 - N miz{350.2695
OH  CyHyNO, S o [o: MNToN
© o
c o Theoretical s N oH  TP3p8x
x
S N miz: 350.2695 5 N . g/z'; 3:‘86258
g OH OH ¢, H,NO, o 213N O3
B o
3 TP3}0B
2 N o 250 N* oH  miz320.252
© OH CNo, CatuO,
o
Thegretical
N O Roe4s N oH  mizl318.2433
OH ' : CZD’—JZNOZ
CgHypNO,
o oH on e Thegretical
o TP304 o TP322x c N oH /2336.2538
N miz: 304.230 m/z:322.238 . ZZF- o
OH  CigHyNO, OH  CHNO, & 20HuNO;
S 2 o o
o o X Thedetical
o TP32 B o  TP320Ax S . on .
N m/z: 322.239 g miz: 320223 < M/ZH 34.2382
OH O G HyNO, 3 OH  CH,NO, . 2oHMNOT—
5] o
" R TP2928 N* e 228
N o Mz 320224 OH  miz 292228 miz: 292
° CigHaoNO, C,gHyoNO, 18HzoNO;
Theoretical
N ° e orezts OH m/z: 290.2120
OH  C,H,NO, C,sHpNO,
oo TP308
N O a0 OH miz: 308.223
OH C|7H26N02 c C|BH30N03
2 °° TP306A
N 94.209 \ S = N OH m/z: 306.207
oH \{\/\/\/\/\f CHyNO,
o o
\ TP264A
N O s s N oH miz: 264.195
° OH CWHQSNDB C16H25N02
o
2 . TP262
N ° 80 ] N OH miz: 262178
OH \ g CieHz4NO,
4 OH O
> /\/\/\/\/\{Y ) -
N © iz 248165 \ N oH miz: 280191
O CyHaNO, 5 C.aHuNO
® o o
© Theoretical
N O aseer 2 N oH miz: 278.1756
OH OH RSO g C1gHNO,
o
\ N TP236
o o N oH m/z: 236.199
o on C,H,,NO,
\ o} Theoretical
TP222 + m/z: 234.1494
+ o N OH
" oH Ci4HyoNO,
OH O Theoretical
/z: 252.1599
. o N OH m
" o 5 GO,
g\/\/\/\/\( o o Theoretical
o = . miz: 250.1443
N miz: 238.14 \9 N on CiaHpoNO;
OH |OH C13H2DN03 o °
. o Theoretical N oH
N m/z: 236.1286
0 OH CroH e
° TP19. \
N* miz 1 =

-

Metabolites of BAC 12 formed by a, B and w oxidation. All metabolites in black are
detected by HPLC-HRMS using product ion spectra and thus reaching confidence
level 2 or higher. The incubations were conducted by a heterogenous multispecies
microbial biofilm community on Z200 carriers in micro MBBRs at 22 °C under aero-
bic conditions (from Larsson et al., 2024). Additionally several multihydroxylated
and isomers of the compounds described in this paper have been revealed (Larsson

et al., 2025)
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The role of quaternary ammonium compounds and their degradation products in selec-
tion of bacterial resistance

Biocidal quaternary ammonium compounds (QACs) are extensively used as disinfectants and
in cleaning products, and their active components may enter wastewater, or soil after use. In
these environments, these biocides can persist either as intact compounds or as degradation
products formed through exposure to UV light, temperature shifts, pH changes, or microbial
metabolism. Therefore, it is important to understand whether degradation products retain anti-
bacterial activity or can select for bacteria with reduced biocide susceptibility.

This project focused on degradation products of quaternary ammonium compounds (QACs),
specifically benzalkonium chloride with a 12 carbon alkyl chain (BAC 12), the major constituent
of ADBAC/BKC (C12 16). Two related QACs, ADBAC/BKC (C12 16) and DDAC, are regis-
tered under the EU Biocidal Products Regulation. The study examined how BAC 12 degrades
under environmental conditions and whether its transformation products affect two bacterial
pathogens, Staphylococcus aureus and Staphylococcus epidermidis, carrying gacA genes as-
sociated with QAC tolerance.

In the project four major BAC 12 transformation products were isolated while several other
ones were available commercial. The project demonstrated that while BAC 12 and DDAC
strongly selected for gacA positive bacteria, none of the tested degradation products produced
similar selection pressure. Additionally, Staphylococci were able to metabolize BAC 12 regard-
less of the gacA status of the cells. Study limitations include testing only one concentration of
each transformation product and variability in competition assays. Future work should develop
improved, high throughput methods to assess how QAC transformation products influence se-
lection of qacA containing bacteria under environmentally relevant conditions and explore the
role of bacterial metabolism in QAC turnover and tolerance development.
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