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EXECUTIVE SUMMARY

Information about biocide-specific resistance/tolerance and the co-selection of resistance to other
antimicrobials following biocide use remains limited. This literature review aimed to investigate the
development of bacterial resistance/tolerance to PT3 (veterinary hygiene) and PT4 (food and feed
production) biocides, with a focus on zoonotic pathogens, foodborne bacteria, and indicator organisms.
The review also explored the co-selection of resistance to antimicrobials and/or other biocides.

The specific objectives of this work were to:
1. Identify biocidal products associated with resistance/tolerance development.
2. Determine the target microorganisms linked to resistance/tolerance.
3. Examine methodologies used to evaluate biocide resistance/tolerance.
4. Assess substances (e.g., antimicrobials or other biocides) for which resistance may emerge
after biocide use.

Comprehensive literature searches spanning 1950 to 2023 were conducted using PubMed and Scopus
electronic databases. The review followed a registered protocol (PROSPERO) and adhered to the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines. A
total of 182 studies from 30 countries were included, encompassing a variety of biocidal products and
bacterial species originating from diverse sources.

The majority of studies were experimental, employing diverse methodologies, with Minimum Inhibitory
Concentration (MIC) analysis emerging as the most frequently utilized method. Biocidal products were
categorized based on their mode of action and commercial formulations, revealing substantial variability
in bacterial resistance/tolerance depending on the species and isolate origins. Biofilms and spores
presented unique challenges, with biofilm survival influenced by biocide concentration, type, and
exposure time.

Among studies reporting resistance/tolerance, Quaternary Ammonium Compounds (QACS), particularly
benzalkonium chloride, were the most studied. These compounds were shown to induce
resistance/tolerance in various pathogenic foodborne, zoonotic, and indicator bacteria. However, most
studies did not detect bacterial resistance/tolerance to PT3 and PT4 biocides.

Notably, the studies varied widely in design and lacked consistent criteria to distinguish resistant/tolerant
bacteria from non-resistant/tolerant ones, complicating the ability to draw definitive conclusions.
Evidence of genotypic resistance/tolerance to biocides and co-selection with other
antimicrobials/biocides, especially involving benzalkonium chloride, was identified in some studies.

Despite its comprehensiveness, this review highlights several limitations and underscores the urgent
need for standardization in future studies. Recommendations include developing guidelines, such as
epidemiological cut-off values (ECOFFs), to determine and interpret bacterial susceptibility to biocides.
Such efforts should involve not only health agencies but also commercial producers of biocidal products.
The findings provide valuable insights into the complex dynamics of bacterial resistance to biocidal
products, emphasizing the necessity for continued research and the establishment of standardized
evaluation frameworks.

Keywords
Disinfectants; resistance; tolerance; antimicrobial resistance; co-selection; food production; animal
production; biosecurity
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1. INTRODUCTION

Antimicrobial use plays a critical role in treating infections in both humans and animals. In some
countries, antimicrobials are also used to promote growth in food production and prevent infections in
livestock. Since 2011, Europe has actively worked to reduce antimicrobial use in animal production.
However, significant challenges remain, with over 800,000 human infections attributed to antimicrobial-
resistant (AMR) bacteria in the European Union in 2020 (European Centre for Disease Prevention and
Control, 2022; Pokharel et al., 2020).The connection between antimicrobial use and the development
of AMR in both animals and humans is well established, leading to global concerns recognized by
organizations such as the World Health Organization (WHO) (FAO/WHO, 2019). In response, efforts to
reduce antimicrobial use have stimulated the exploration of alternatives to fight bacterial infections, such
as bacteriocins, vaccines, bacteriophages, probiotics and prebiotics, biosecurity measures, and thermal
processing (Soro et al., 2020).

Biosecurity measures, which encompass a range of management practices (e.g., protective clothing,
physical barriers, and disinfection protocols), have shown promise in controlling infectious diseases and
reducing antimicrobial usage, particularly in farm settings (Dewulf et al., 2020; Renault et al., 2020).
Among biosecurity tools, biocidal products, which include disinfectants, are crucial in animal and food
production as well as healthcare settings (Meade et al., 2021). Their use is regulated in Europe under
the Biocidal Products Regulation (BPR) No. 528/2012, which categorizes disinfectants into five product
types (PT). Within the BPR framework, PT3 (veterinary hygiene) and PT4 (food and feed area) are
particularly relevant to animal and food production. These biocides are often used in commercial
formulations for disinfecting surfaces, equipment, and facilities in veterinary medicine, animal
husbandry, transportation, and food industry operations (SCENIHR, 2009).

Bacterial resistance or tolerance to biocides has been observed since the 1950s, raising concerns about
their long-term efficacy (Boutarfi et al., 2019). Factors such as biocide concentration, exposure duration,
and misuse (e.g., non-compliance with recommended protocols) have contributed to this issue (Davin-
Regli & Pages, 2012; Maillard, 2018). Furthermore, resistance mechanisms to biocides share similarities
with those involved in antibiotic resistance, raising the potential for co-selection, which encompasses
co-resistance, cross-resistance, and co-regulation (Table 1). These mechanisms are critical to
understanding the broader issue of AMR.

While earlier reviews have focused on resistance to PT1 and PT2 biocides used in human hygiene and
other sectors, there remains a gap in understanding the resistance and tolerance dynamics associated
with PT3 and PT4 biocides (Collet et al., 2022; Vijayakumar & Sandle, 2019). This literature review
addresses this gap by investigating the development of bacterial resistance/tolerance to PT3 and PT4
biocides, focusing on zoonotic and foodborne pathogens as well as indicator bacteria.

Our objectives are (i) to identify biocidal products that induce bacterial resistance or tolerance, (ii)
determine the target microorganisms associated with resistance to these biocides, (iii) examine
methodologies used to evaluate biocide susceptibility, and (iv) assess substances, such as antibiotics
and other antimicrobials, against which resistance may emerge following biocide use.



Table 1. Definitions of key terms

Resistance An acquired or mutational survival mechanism that allows a
microorganism to counteract antimicrobial activity compared to a fully
susceptible wild-type. Evaluated using genetic or phenotypic analysis
against a defined cut-off value.

Tolerance A phenomenon in which bacteria exhibit a longer minimum duration for
killing without changes in the minimum inhibitory concentration (MIC).
This reflects the capacity of bacteria to survive prolonged exposure to
the biocide without genetic resistance mechanisms.

Co-regulation The simultaneous activation of antibiotic resistance genes after
exposure to biocides.

Cross-resistance Resistance to both biocides and antibiotics mediated by the same non-
specific mechanism (e.g., efflux pumps).

Co-resistance The presence of genes encoding resistance to both antibiotics and

biocides within the same genetic element (e.g., plasmids).
Source : Fraser et al., 2021; McDonnell & Russell, 1999; Vats et al., 2022; Wales & Davies, 2015



2. METHODS

2.1. STUDY DESIGN : SEARCH STRATEGY AND SELECTION CRITERIA

This literature review was conducted in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA 2020) guidelines (Page et al., 2021). The study protocol was
registered in PROSPERO under registration number CRD42023411783.

Comprehensive literature searches were performed in the PubMed and Scopus databases, covering
the period from 1950 to 2023. This timeframe was selected because the first reports of bacterial
resistance to biocides date back to 1950 (Davin-Regli & Pages, 2012). We included original research
articles, short communications, and grey literature, including reports from national and international
expert agencies. Publications in French, Spanish, Dutch, and English were considered to be included.
The search strategy employed Boolean operators and a tailored search string for each database. The
keywords and operators used are detailed in Annexes 1 and 2.

The search focused on the following PISO elements:

e Population (P): Foodborne, indicator, and zoonotic bacteria were included, while non-bacterial
microorganisms (e.g., fungi, yeast, viruses) and probiotic bacteria were excluded.

e Intervention (l): Biocides included chemical active substances approved or under review by
the European Union in PT3 (veterinary hygiene) and PT4 (food and feed area). Biocides outside
PT3/PT4, such as metals, were excluded. Biocides considered included Quaternary Ammonium
Compounds (QACs) (benzalkonium chloride and didecyldimethylammonium chloride (DDAC));
oxidizing agents (sodium hypochlorite, hydrogen peroxide, peracetic acid, povidone-iodine,
chlorine dioxide, sodium dichloroisocyanurate, iodine and ozone); biguanides (chlorhexidine
di/gluconate (CHG) and polyhexamethylene biguanide hydrochloride (PHMB)); aldehydes
(glutaraldehyde, formaldehyde and glyoxal) and others (lactic acid, capric acid, caprylic acid,
glycolic acid, ethanol, 2-propanol, calcium hydroxide, chlorocresol, silver nitrate, silver, benzoic
acid and the reaction mass of 5-chloro-2-methyl-1,2-thiazol-3(2H)-one and 2-methyl-1,2-thiazol-
3(2H)-one (MIT/CMIT:CMIT/MIT). Mixtures of biocides with other components (e.g., surfactants,
detergents) were also analysed.

e System Level (S): The review focused on animal and food production, excluding hospitals and
healthcare settings.

e Outcome (O): Phenotypic and genotypic results related to resistance or tolerance to biocides
were included, while unrelated outcomes (e.g., toxicity) were excluded.

Data collection was finalized on March 21, 2023, and the selection process followed.

2.2. SELECTION PROCESS AND RISK OF BIAS ASSESSMENT

All collected studies were imported into the Rayyan web tool, an artificial-intelligence-powered platform
for systematic literature reviews (Ouzzani et al., 2016). The selection process involved two stages: an
initial screening of titles and abstracts followed by a subsequent review of full-text to select studies
meeting eligibility criteria. Studies were excluded according to the following criteria: (1) duplicates, (2)
unavailable full texts, (3) languages other than French, Spanish, Dutch, or English, (4) biocides outside
PT3/PT4 categories, (5) non-bacterial or probiotic bacteria as test organisms, (6) study objectives not
aligned with the focus of this review, (7) lack of specificity regarding biocides or bacteria in the text.
The selection was performed by one reviewer (Soro A. B.) and verified by four independent reviewers
(Garcia-Graells C., Catteau L., Boland C., and Cargnel M.). Discrepancies were resolved through
consensus.

This review included peer-reviewed original research, short communications, and grey literature
authored by recognized experts. The risk of bias was minimized through adherence to strict selection
and screening processes, resulting in a low level of uncertainty based on convergent evidence from
high-quality studies.
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2.3. DATA EXTRACTION AND ANALYSIS

Data extraction was carried out by Soro A. B. using Microsoft Excel. Extracted data included:

1. Study Information: Title, author(s), type of study (observational, experimental, or both),
country of study, and year of publication.

2. Bacteria Details: Species, state (planktonic, biofilm, or spore), number of tested isolates,
origin and country of isolate, sample date, and exposure history.

3. Biocide Information: Name of compound or mixture, PT3/PT4 classification, tested
concentrations, and susceptibility testing methods (e.g., MIC, Minimum bactericidal
concentration (MBC), challenge tests, half maximal inhibitory concentration (IC50), disk
diffusion, phenol coefficient method).

4. Resistance Outcomes: Evidence of resistance/tolerance, genotypic resistance, associated
genes, tested antimicrobials, co-selection evidence, and quality control measures.

Data analysis was performed using R (v4.3.2; 2023.03.15) and RStudio (v2023.06.2). Descriptive
statistics were generated, and Sankey diagrams were used to highlight connections between biocide
resistance genes and co-selection with other antimicrobials. Extracted data were summarized in tables
created in Excel 2021.

12



3. RESULTS

3.1. LITERATURE SEARCH AND DESCRIPTIVE ANALYSIS

A flow diagram summarizing the literature search process and exclusion criteria is presented in Figure
1. The search retrieved 1,209 peer-reviewed records from PubMed and 791 from Scopus. After
removing duplicates (n=244), 1,756 unique records underwent title and abstract screening,
supplemented by three records identified from international organizations. During this initial screening,
1,482 records were excluded for not aligning with the systematic review's objectives. The full text of 274
records was then assessed for eligibility, with reasons for exclusion detailed in Figure 1. Ultimately, 206
studies were included in the review: 182 original research articles, 21 reviews, and three reports from
international health organizations. Notably, only primary literature (original studies) was used to
construct the database, while secondary sources (reviews and reports) informed broader context.

The included studies spanned 30 countries across five continents, as depicted in Figure 2. Europe
accounted for nearly half of the studies (49%, 89/182), followed by North and South America (26%,
48/182), Asia (11%, 20/182), Oceania (2%, 4/182), and Africa (1%, 2/182). Nineteen studies analyzed
samples from multiple regions. Country-level contributions were led by the USA (20%, 37/182), the UK
(15%, 27/182), Spain (9%, 16/182), France and China (4.5% each), and Portugal and Italy (3% each).
Other countries, including Japan, Brazil, Canada, and Sweden, contributed fewer than six studies each.
Of the 182 studies, 115 were experimental, 45 observational, and 22 used a mixed approach.
Methodologies varied widely (Figure 3), with the minimum inhibitory concentration (MIC) test being the
most frequently employed to evaluate bacterial resistance/tolerance to biocides.
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Figure 1+ Adapted PRISMA 2020 flow diagram of the literature search process, including the number of records selected, excluded, and reasons for exclusion
during eligibility assessment in this systematic review
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3.2. CLASSIFICATION OF BIOCIDAL PRODUCTS AND ASSOCIATED
RESISTANCE/TOLERANCE

To structure the analysis, biocidal products were classified into two categories: commercial formulations
(mixtures of active substances with other ingredients) and chemical active substances (categorized by
mode of action). This section discusses microorganisms and their origins, methodologies, and co-
selection phenomena for each biocide group.

Five groups of active substances emerged as being the most studied for the development of bacterial
resistance/tolerance : oxidizing agents, QACs, biguanides, others and aldehydes. In field settings, these
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biocidal products could be classified differently according to their relevance in usage perceived by the
operators in food industry, farms or slaughterhouse. For instance, biocidal products more relevant for
the disinfection of teat dips in dairy animals are iodophors, QACs, sodium hypochlorite, and
chlorhexidine (SCENIHR, 2009).

Figure 4 illustrates the number of studies reporting resistance/tolerance versus no resistance/tolerance
for each biocide group-bacteria combination, including only combinations reported in at least 10 studies.
Among the most frequently studied bacterial genera, Listeria spp., Bacillus spp., Escherichia spp.,
Klebsiella spp., Pseudomonas spp., Salmonella spp., Staphylococcus spp., and Enterococcus spp.
were associated with resistance/tolerance across several biocide groups (Annex 3). However, these
genera were also the most studied, suggesting that their observed resistance/tolerance may reflect
research focus and frequency rather than an inherent association with biocide resistance/tolerance.
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'n' represents the total number of studies documenting the particular combination of biocide and bacteria. Only combinations
reported in a minimum of 10 distinct studies are displayed.

Figure 4 - Number of studies showing biocide resistance/tolerance or not by bacterial genera
and biocide group

3.2.1 Quaternary Ammonium Compounds (QACS)

QACs are biocidal products characterized by a positively charged nitrogen atom bound to one or more
hydrophobic hydrocarbon chains, which confer lipophilic properties. Their mechanism of action involves
interaction between the cationic quaternary nitrogen and the acidic phospholipid heads, as well as
negatively charged structural proteins. This disrupts and destabilizes bacterial membranes, leading to
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cell death (Mohapatra et al., 2023). QACs are commonly formulated with additional ingredients and
widely used as disinfectants in various sectors, including milk production (teat dips), fish farming,
slaughterhouses, veterinary medicine, animal husbandry, and food processing facilities to disinfect
surfaces, equipment, and infrastructures (SCENIHR, 2009).

Among the biocidal products studied, QACs, specifically benzalkonium chloride (67 studies) and
didecyldimethylammonium chloride (DDAC) (14 studies), were the most frequently investigated. QACs
were the most studied biocidal group overall, with 81 studies evaluating their potential association with
bacterial resistance or tolerance. The findings related to these agents are discussed in detail below.

3.2.1.1. Benzalkonium Chloride (CAS 8001-54-5, PT3 and PT4)

Benzalkonium chloride was evaluated in 67 studies, with 25 reporting associations between its use and
bacterial resistance or tolerance. Resistance or tolerance was identified in various bacterial species,
including Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Salmonella spp., and
Listeria monocytogenes, which were the most frequently investigated (Figure 4). Additional bacteria,
such as Bacillus spp. and Enterobacter spp., also demonstrated resistance/tolerance in some studies.

Salmonella spp. isolates from animal sources (e.g., commercial eggs and meat) exhibited resistance or
tolerance to benzalkonium chloride in experimental (Braoudaki & Hilton, 2004; Curiao et al., 2016) and
observational studies (Fernandez et al., 2017; Martins et al., 2013). Similarly, three studies reported
resistance/tolerance in human isolates of S. aureus from toxic infections, applying MIC and MBC
thresholds to define resistance (Coelho et al., 2013; Morrissey et al., 2014; Oggioni et al., 2015). For E.
coli, an observational study by Hausherr et al. (2019) showed that 52 of 100 calf-derived isolates had
MICs exceeding a tentative epidemiological cut-off of >4 ug/ml. While resistance-associated genes
(qacEA1 and gacF/H) were detected, the study found no clear link between these genes and phenotypic
resistance, suggesting other contributing factors. Additional studies also confirmed phenotypic
resistance/tolerance in animal-derived E. coli isolates via MIC analysis (Sheridan et al., 2012; Sun et
al., 2019).

Genetic mechanisms supporting resistance/tolerance to benzalkonium chloride in Salmonella spp.,
Escherichia spp., and Staphylococcus spp. were frequently identified, with resistance genes such as
acrB, mdfA, ogxA, qacEA1, gacH, and sugE being implicated (Figure 5) (Gadea et al., 2017; Marquez
et al., 2017). Furthermore, co-selection for resistance to antimicrobials (e.qg., ciprofloxacin, ampicillin) or
other biocides was observed in these genera (Figure 6). For instance, co-selection to hydrogen
peroxide, ciprofloxacin, and several beta-lactams was documented in Salmonella spp. and E. coli
(Braoudaki & Hilton, 2004; Gadea et al., 2017; Soumet et al., 2012).

Other bacterial species, such as Pseudomonas spp., Bacillus spp., and Burkholderia cepacia, were also
investigated. Studies on Pseudomonas aeruginosa isolates demonstrated benzalkonium chloride
resistance/tolerance and co-selection with gentamicin resistance (Lambert et al., 2001). Similarly, L.
monocytogenes isolates from food production environments exhibited reduced susceptibility to
benzalkonium chloride, although no significant link between tolerance and environmental persistence
was observed (Heir et al., 2004; Lugue-Sastre et al., 2018). Other less frequently studied bacteria, such
as Bacillus cereus and Enterobacter spp., were also implicated in resistance/tolerance (Fernandez
Mérquez et al., 2017; Braga et al., 2011).

3.2.1.2. Didecyldimethylammonium Chloride (DDAC, CAS 7173-51-5, PT3 and PT4)

DDAC was investigated in 14 studies, with three reporting resistance/tolerance (Ribi¢ et al., 2020;
Soumet et al.,, 2012, 2016). Soumet et al. (2012) exposed E. coli strains to increasing DDAC
concentrations over 7 days, resulting in MIC increases of up to 3.5-fold and co-selection for resistance
to chloramphenicol, florfenicol, and tetracycline. In a follow-up study, the same authors demonstrated
that sub-inhibitory DDAC exposure increased MICs for benzalkonium chloride and antimicrobials
(ampicillin, chloramphenicol, ciprofloxacin, cefotaxime and ceftazidime) in several bacterial species,
including E. coli, Salmonella enterica, Campylobacter coli, and L. monocytogenes (Soumet et al., 2016).
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Ribi¢ et al. (2020) reported resistance/tolerance to DDAC in 4 of 6 Staphylococcus epidermidis strains
from food production cleanrooms, with co-selection for resistance to tetracycline, ciprofloxacin, and
chloramphenicol (Figure 6). Poor disinfection practices, such as improper disinfectant preparation and
contaminated equipment, were linked to the emergence of resistance/tolerance in these strains.
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Salmonella spp. Escherichia spp. Staphylococcus spp.

acrB (n=1)
acrtB (n=3)

qacEAl (n=1)

mdfA (n=3) qacH (n=1)

sugk (n=1)

0XgqA (n=2)
qacA/B (n=2)

qacA/B (n=2)

qacEDI (n=1) qacC (n=2)

Figure 5 ¢ Sankey diagram illustrating the resistance genes linked with phenotypic biocide resistance in Salmonella spp., Escherichia spp., and
Staphylococcus spp. in the included studies, with n representing the total number of studies.
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Figure 6 « Sankey diagram representing co-selection of antimicrobials or other biocides associated with biocide resistance/tolerance in Salmonella spp.,
Escherichia spp., and Staphylococcus spp. across the included studies, with n representing the total number of studies.
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3.2.2. Oxidizing Agents

Oxidizing agents are biocidal products that interact with intracellular components (e.g., enzymes,
nucleosides, proteins) and cell walls, oxidizing them by removing electrons from chemical groups and
thereby reducing themselves (Morente et al., 2013). These biocides are widely used in various
applications, including in farms, slaughterhouses, animal husbandry, veterinary medicine, post-harvest
processes, and the food industry. Specific biocides such as sodium hypochlorite, chlorine dioxide, and
ozone are used in water to disinfect vegetables and fruits, in water treatment, and in teat dips in dairy
farming (Simpson & Mitch, 2021). Hydrogen peroxide and sodium dichloroisocyanurate are used in
veterinary applications, as well as for disinfecting instruments, animal facilities, and transporters. lodine
and povidone-iodine are used as teat dips in dairy farming, and chlorine dioxide and ozone are employed
in water treatment (SCENIHR, 2009). Peracetic acid is also used as a disinfectant in poultry and poultry
product processing (Cano et al., 2021).

In the present systematic review, 71 studies focused on evaluating the development of
resistance/tolerance to oxidizing agents. The most studied agent was sodium hypochlorite (n=39
studies), followed by hydrogen peroxide (n=36), peracetic acid (n=18), povidone-iodine (n=16), chlorine
dioxide (n=8), sodium dichloroisocyanurate (n=5), iodine (n=3), and ozone (n=2). The studies on each
of these agents are discussed in detail below.

3.2.2.1. Sodium Hypochlorite (CAS 7681-52-9, PT3 and PT4)

Sodium hypochlorite was assayed in 39 studies, of which 5 reported bacterial resistance/tolerance to
this biocide (Fernandes et al., 2022; Hilgren et al., 2009; Khan et al., 2016; Ridgway & Olson, 1982;
Techaruvichit et al., 2016) (Figure 4). Additionally, a study by Capita et al. (2019) assessed the
development of bacterial resistance/tolerance, though their findings did not explicitly indicate
resistance/tolerance.

Three observational studies evaluated the resistance/tolerance of food and environmental bacteria to
sodium hypochlorite. MIC and MBC of Acinetobacter spp. isolated from ready-to-eat (RTE) salads and
raw goat milk were determined, showing resistance/tolerance with MIC and MBC values above the Food
and Drug Administration (FDA)-recommended concentration (200 mg/L), varying between 312.5 and
2500 mg/L (Fernandes et al., 2022). Other studies observed reduced susceptibility of bacterial isolates
(Acinetobacter spp., Bacillus spp., Pseudomonas spp., and Klebsiella spp.) from chlorinated water
systems compared to non-chlorinated systems, suggesting the potential for selecting more
resistant/tolerant bacteria in chlorinated environments (Ridgway & Olson, 1982; Khan et al., 2016,
Hilgren, 2009). In another experimental study, Techaruvichit et al. (2016) found that repeated exposure
to sub-lethal concentrations of sodium hypochlorite increased the MIC for Campylobacter jejuni
(Techaruvichit et al., 2016). Capita et al. (2019) reported an increase in the MIC from 3800 to 4725 mg/L
for C. sakazakii, and from 2500 to 6328 mg/L for Y. enterocolitica after several passages, though the
resistance/tolerance was not clearly defined.

Co-selection of bacteria for resistance to other antimicrobials or biocides after exposure to sodium
hypochlorite was observed in 3 studies (Capita et al., 2014, 2019; Khan et al., 2016), where exposure
induced resistance to antibiotics such as spectinomycin, ampicillin-sulbactam, and nalidixic acid (Capita
et al., 2014).

3.2.2.2. Hydrogen Peroxide (CAS 7722-84-1, PT3 and PT4)

Hydrogen peroxide was studied in 36 studies, of which 8 showed bacterial resistance/tolerance (Adkin
et al., 2022; Davis et al., 2005; Fortuna et al., 2022; Jackett et al., 1978; Kim et al., 2000; Martins et al.,
2013; Yan et al., 2006; Yun et al., 2012). Martins et al. (2013) observed high resistance/tolerance to
hydrogen peroxide in Salmonella Typhimurium isolates from an Irish pork production chain.

Dauvis et al. (2005) detected reduced susceptibility to hydrogen peroxide (MIC > 0.6 mmol/L) in 3 out of
5 mutant strains of S. aureus. In another study, Adkin et al. (2022) demonstrated an increase in the MIC
for E. coli and P. aeruginosa strains exposed to sub-inhibitory concentrations of hydrogen peroxide for
several passages, with an MIC of 64 mg/L and 128 mg/L respectively compared to 32 mg/L and 64 mg/L



for the non-exposed. Interestingly the authors reported transient tolerance/resistance was observed,
however susceptibility was restored after a 6-week storage. Yun et al. (2012) reported that Listeria
monocytogenes isolates from environmental, animal, human and food sources showed tolerance after
exposure to 1% hydrogen peroxide for 10 and 20min, though they were inactivated after prolonged
exposure of 30 min. Fortuna et al. (2022) found increased survival rates in 3 out of 6 P. aeruginosa
strains after hydrogen peroxide (50 mM) exposure and attributed successful phenotypic restoration and
abrogation of resistance/tolerance in these strains through complementation with either dksAl or dksA2
gene (Figure 5). A study by Yan et al. (2006) reported that pretreatment with 600 uM H,O, was sufficient
to enhance protection levels in a Bacillus strain isolated from a lake, enabling it to withstand lethal
concentrations of this biocide. Similarly, Kim et al. (2000) found that eight Bacillus cereus strains isolated
from ultra-high-purity water exhibited resistance or tolerance following exposure to 0.1% H,O,.
However, despite these observations, neither study provided validation criteria to define a threshold for
the development of resistance or tolerance in the tested bacteria.

Co-selection toward other biocides and antimicrobials following H,O, exposure was investigated in three
studies (Adkin et al., 2022; Martins et al., 2013; Wesgate et al., 2016). Martins et al. (2013) identified
potential co-tolerance between H,0O, and benzalkonium chloride, ampicillin, chloramphenicol,
streptomycin, sulfonamides, and tetracycline in various Salmonella Typhimurium strains isolated from
the pork and poultry supply chain (Figure 6). Adkin et al. (2022) observed co-selection of cephalothin
and ampicillin in a reference strain of Escherichia coli after exposure to sub-inhibitory concentrations of
H,O, over 15 passages, although this effect diminished after storage for six weeks (Figure 6). Similarly,
Wesgate et al. (2016) found evidence of co-selection between H,O, and ampicillin in another E. coli
reference strain, although this co-selectivity proved unstable within 24 hours. In the same study, a
reference strain of Staphylococcus aureus exhibited resistance to ciprofloxacin following H,O, exposure
(Figure 6).

3.2.2.3. Peracetic Acid (CAS 79-21-0, PT3 and PT4)

Development of resistance/tolerance to peracetic acid was examined in 18 articles, with two reporting
bacterial resistance/tolerance (Capita et al., 2019; Fernandes et al., 2022). Fernandes et al. (2022)
found that 8 out of 11 Acinetobacter spp. isolates from ready-to-eat (RTE) salads exhibited
resistance/tolerance to peracetic acid, with minimum inhibitory concentration (MIC) values exceeding
the FDA-recommended concentration of 200 mg/L. Capita et al. (2019) demonstrated increased MICs
for Cronobacter sakazakii (from 1200 mg/L to 2025 mg/L) and Yersinia enterocolitica (from 1275 mg/L
to 2152 mg/L) after repeated exposure to sub-lethal concentrations of peracetic acid. Furthermore,
exposure to this biocide led to co-selection of Y. enterocolitica toward three antimicrobials: cefotaxime,
cefoxitin, and streptomycin. In a separate experimental study, a challenge test with peracetic acid was
conducted on three reference strains of Bacillus cereus (Hilgren et al., 2009), with results indicating
reduced susceptibility after exposure."

3.2.2.4. Povidone-lodine (CAS 25655-41-8, PT3 and PT4)

Povidone-iodine was investigated in 16 articles, with one reporting resistance/tolerance (Sasatsu et al.,
1994). This study employed the phenol coefficient method to assess the efficacy of povidone-iodine in
inactivating five Staphylococcus aureus strains. The method compared the biocide’s effect to a
previously characterized phenol solution in terms of time and concentration. Four of the five strains were
killed after exposure to 0.4% povidone-iodine for 3 to 4.5 minutes. However, these strains were not
eliminated after 7.5 minutes of exposure at concentrations below 0.4%, suggesting potential
resistance/tolerance to povidone-iodine, as noted by the authors. Resistance/tolerance to this biocide
was not clearly observed in other studies (Gocke et al., 1985; Rose et al., 2009).

3.2.2.5. Chlorine Dioxide, Sodium Dichloroisocyanurate, lodine, and Ozone

The number of studies investigating the development of resistance/tolerance to these biocides was
relatively low, with fewer than 8 relevant studies for each biocide.

Chlorine dioxide (CAS 10049-04-4, PT3 and PT4) induced resistance/tolerance in 3 out of 8 studies
(Hwang et al.,, 2022; Martin et al.,, 2008; Taylor et al., 2000). Hwang et al. (2022) observed
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resistance/tolerance in all 3 Bacillus thuringiensis strains and in 9 out of 25 Bacillus cereus strains
isolated from microgreen leaves, as well as in 8 out of 12 B. cereus isolates from seeds following a
challenge test. Other B. cereus strains isolated from water (1 strain) and soil (35 strains) did not show
resistance/tolerance to chlorine dioxide. The use of chlorine dioxide also increased resistance to
rifampin and gentamicin in all environmental isolates. Martin et al. (2008) investigated the development
of resistance/tolerance to chlorine dioxide in bacterial isolates from environmental samples. Exposure
of Bacillus subtilis to this biocide in a challenge test revealed that inactivation required longer exposure
times, up to twice the recommended in-use concentration of chlorine dioxide. Additionally, exposure to
chlorine dioxide induced co-selection with other biocides, such as hydrogen peroxide and peracetic acid
(Figure 6). Taylor et al. (2000) observed similar results, with Mycobacterium avium strains isolated from
water samples showing 100-fold greater resistance/tolerance compared to a reference strain of
Escherichia coli.

For iodine (CAS 7553-56-2, PT3 and PT4), 3 studies were reviewed, with 1 study by Freney et al. (1988)
detecting higher minimum bactericidal concentrations (MBC) in 169 Enterobacteriaceae isolates from
environmental samples and in reference strains of Pseudomonas aeruginosa and E. coli compared to
the iodine concentrations used for disinfecting drinking water (3—8 mg/L). Ozone resistance/tolerance
was evaluated in 2 studies. Hel3 & Gallert (2015) found reduced susceptibility to ozone in E. coli,
Enterococcus spp., and Staphylococcus spp. when tested using a challenge protocol, highlighting the
varying susceptibilities of the bacteria. Similarly, Taylor et al. (2000) reported ozone resistance/tolerance
in M. avium isolates from water samples, with challenge test values at least 50-fold higher than those of
a reference E. coli strain. Despite the observed resistance/tolerance in these studies, no validation
criteria were provided to establish thresholds for the development of resistance/tolerance in the bacterial
strains investigated.

In contrast, sodium dichloroisocyanurate (CAS 2893-78-9, PT3 and PT4) was not associated with
resistance/tolerance in any of the 5 studies reviewed.

3.2.3. Biguanides

Biguanides are biocides that target bacterial membranes by altering their components (Jones & Joshi,
2021). Resistance-tolerance to chlorhexidine di/gluconate (CHG) and polyhexamethylene biguanide
hydrochloride (PHMB) was assessed in 40 articles. These biguanides are widely used in the food
production sector as hand sanitizers, personal care and surface disinfectants, and in veterinary hygiene
as topical dermatological therapies for animals (Al-Kharousi et al., 2022; Fidelis et al., 2023).

3.2.3.1. Chlorhexidine (CHG) (CAS 18472-51-0, PT3)

Among 36 studies, 8 observed bacterial resistance/tolerance to this biocide (Bock et al., 2016; Coelho
et al., 2013; Jutkina et al., 2018; Knapp et al., 2015; J. L. Romero et al., 2017; Sasatsu et al., 1994;
Shimizu et al., 2002; Wand et al., 2019). Resistance/tolerance to CHG in laboratory mutant strains of
Klebsiella pneumoniae was linked to an increase in MIC and MBC compared to a reference strain, with
the expression of the efflux pump smvA gene (Wand et al., 2019). However, the concentrations used in
this study exceeded typical clinical settings. The addition of this gene into Escherichia coli increased
resistance/tolerance to CHG (Figure 5). Shimizu et al. (2002) used the turbidity method to examine K.
pneumoniae susceptibility to CHG and concluded that CHG was ineffective against K. pneumoniae,
Pseudomonas aeruginosa, and Enterococcus faecalis. In another study, a mutant E. coli isolate from
piggery manure slurries exposed to 24.4 ug/L CHG induced conjugal gene transfer of resistance at MIC
concentrations below 200-fold (Jutkina et al., 2018). Other bacteria, such as Staphylococcus aureus,
Enterobacter spp., and Salmonella enterica, also showed resistance/tolerance to CHG. For example, S.
aureus showed resistance in 13/1632 human isolates from foodborne infections with an ECOFF of >2
mg/L, evaluated using the MIC method (Coelho et al., 2013), and in 4 laboratory collection strains
assessed by the phenol coefficient method (Sasatsu et al., 1994). Enterobacter spp. demonstrated
resistance/tolerance in 10 of 54 isolates in MIC testing and in 19 of 54 isolates in MBC testing (Morrissey
etal., 2014). Knapp et al. (2015) found a 100-fold increase in MBC in Salmonella Typhimurium, although
this resistance was unstable. Bacterial isolates from various fish species (e.g., Pseudomonas spp.,
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Listeria spp., and Acinetobacter spp.) showed resistance/tolerance to CHG in 17 out of 87 isolates, with
a cut-off of MIC = 50 mg/L (Romero et al., 2017).

Several studies also reported bacterial co-selection of CHG resistance/tolerance with other
antimicrobials (Adkin et al., 2022; Coelho et al., 2013; Knapp et al., 2013; Rizzotti et al., 2016; Wesgate
etal., 2020). Coelho et al. (2013) found an association between CHG and antibiotic multidrug resistance
in S. aureus. In a study by Adkin et al. (2022), S. aureus developed resistance to oxacillin after exposure
to CHG (Figure 6). Wesgate et al. (2020) exposed E. coli to CHG and observed co-selection with
amoxicillin/clavulanic acid, and in one strain, with both amoxicillin/clavulanic acid and cefoxitin (Figure
6). Cefoxitin resistance was lost after subsequent passaging, while another strain developed additional
clinical resistance to ampicillin, amoxicillin/clavulanic acid, cefpodoxime, and cephalothin after 5
passages in CHG. Other studies also noted an increase in co-selection after exposure to 0.005% (w/v)
CHG, with reduced inhibition zones for ciprofloxacin, tobramycin, ceftazidime, imipenem, and
meropenem in Bacillus lata after 4 passages. Additionally, one strain of Enterococcus faecium showed
positive, though not significant, correlations for CHG and chloramphenicol (Rizzotti et al., 2016).

3.2.3.2. Polyhexamethylene Biguanide Hydrochloride (PHMB) (CAS 32289-58-0, PT3 and PT4)

PHMB was evaluated in 4 studies, none of which reported resistance/tolerance to this biocide.

3.2.4. Aldehydes

Aldehydes are biocides that inactivate bacteria by cross-linking free amino groups in proteins, DNA, and
RNA (Elekhnawy et al., 2020). Common aldehydes include glutaraldehyde, formaldehyde, and glyoxal,
which are used in veterinary medicine for disinfection of instruments, animal facilities, and transporters,
as well as in the food industry for surface and facility disinfection (Fernandes et al., 2020; SCENIHR,
2009). These aldehydes were investigated in 29 studies for development of resistance/tolerance.

3.2.4.1. Glutaraldehyde (CAS 111-30-8, PT3 and PT4)

Resistance/tolerance was observed in 1 of 16 studies included in this literature review. One laboratory
strain of Mycobacterium chelonae from water and two of five artificially-mutant strains of Mycobacterium
smegmatis demonstrated resistance/tolerance to glutaraldehyde after a challenge test (Svetlikovéa et al.,
2009). The study suggested that defective porin expression might contribute to this resistance/tolerance.
Additionally, exposure to glutaraldehyde increased the resistance of M. chelonae to rifampin,
vancomycin, ciprofloxacin, clarithromycin, erythromycin, linezolid, and tetracycline. Co-selection with
ciprofloxacin in a laboratory strain of Pseudomonas aeruginosa (Adkin et al., 2022) and with hydrogen
peroxide in Pseudomonas spp. isolates (Chapman et al., 1998) was also observed.

3.2.4.2. Formaldehyde (CAS 50-00-0, PT3)

Resistance/tolerance was not reported in the 9 studies reviewed. However, Best et al. (1990) noted
incomplete inactivation of a laboratory strain of L. monocytogenes after 1 minute of exposure, indicating
longer contact times may be required.

3.2.4.3. Glyoxal (CAS 107-22-2, PT3 and PT4)

No evidence of resistance/tolerance was found in 2 studies included in this review (Fernandes et al.,
2020; Oosterik et al., 2014).

3.2.5. Other Biocides

Various biocides, such as lactic acid (CAS 50-21-5, PT3 and PT4), capric acid (CAS 334-48-5, PT3 and
PT4), caprylic acid (CAS 124-07-2, PT3 and PT4), glycolic acid (CAS 79-14-1, PT3 and PT4), ethanol
(CAS 64-17-5, PT4), 2-propanol (CAS 67-63-0, PT4), calcium hydroxide (CAS 1305-62-0, PT3),
chlorocresol (CAS 59-50-7, PT3), silver nitrate (CAS 7761-88-8, PT3 and PT4), silver (CAS 7440-22-4,
PT4), benzoic acid (CAS 65-85-0, PT3 and PT4), and the reaction mass of 5-chloro-2-methyl-1,2-
thiazol-3(2H)-one and 2-methyl-1,2-thiazol-3(2H)-one (MIT/CMIT:CMIT/MIT) (CAS 55965-84-9, PT4),
were investigated in limited studies. No sufficient evidence linked these biocides to bacterial

resistance/tolerance. Further studies are required to evaluate their potential effects.
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3.2.6. Commercial Biocides

Biocides are commonly used in formulations containing additives such as surfactants, chelators,
stabilizers, and preservatives, which may influence antimicrobial effectiveness (Maillard, 2018).
Resistance/tolerance to commercial biocidal formulations was observed in 12 of 51 studies.

3.2.6.1. Biguanides-Based Commercial Biocidal Formulations

Commercial biocidal formulations based on biguanides were identified in four studies (Forbes et al.,
2014; Knapp et al., 2015; Moore et al., 2008; Slots et al., 1991). Two studies specifically investigated
the resistance/tolerance potential of a biocide formulated with a 20% aqueous solution of
polyhexamethylene biguanide (PHMB) (Forbes et al., 2014; Moore et al., 2008). Both studies exposed
environmental bacterial strains to repeated passages within the biocide, resulting in increased MICs and
MBCs. Moore et al. (2008) observed two-fold increases in MICs and MBCs in Pseudomonas
nitroreductans, Staphylococcus cohnii, and Staphylococcus haemolyticus isolated from residual food
matter. Similarly, Forbes et al. (2014) reported resistance/tolerance development in industrial strains,
including Klebsiella pneumoniae, Staphylococcus caprae, Staphylococcus capitis, Staphylococcus
lugdunensis, and Enterococcus faecalis. These findings highlight the potential for PHMB-based biocides
to drive resistance/tolerance in environmental and industrial contexts.

3.2.6.2. Hydrogen Peroxide-Based Commercial Biocidal Formulations

Commercial formulations containing hydrogen peroxide were assessed for bacterial
resistance/tolerance in four studies. Three of these studies evaluated a biocide composed of 25—-35%
hydrogen peroxide, 0.26—0.66 N peracetic acid, and 0.83—2.5 N acetic acid (P3 Oxonia) (Marquez et
al., 2017; Burgos et al., 2016; Romero et al., 2005). Marquez et al. (2017) and Burgos et al. (2016)
applied this product to Salmonella spp. and Escherichia coli isolates from commercial eggs and reported
resistance/tolerance in 10 of 39 Salmonella isolates and 14 of 27 E. coli isolates, as evidenced by
elevated MICs beyond the baseline distribution. They further examined associations between resistance
genes and biocide resistance/tolerance, finding variability among strains. Additionally, Burgos et al.
(2016) observed a positive correlation between biocide exposure and resistance to
trimethoprim/sulfamethoxazole in two E. coli isolates (Figure 6).

In another study, Romero et al. (2005) evaluated the effectiveness of P3 Oxonia product against
Pseudomonas spp. isolated from fish and reported resistance/tolerance in 4 of 87 isolates, although no
association with resistance genes was identified. Wesgate et al. (2016) studied a hydrogen peroxide—
based foaming lotion, observing a 16-fold MIC increase in Staphylococcus aureus after 10 passages,
suggesting substantial tolerance development.

3.2.6.3. Sodium Hypochlorite-Based Commercial Biocidal Formulations

Sodium hypochlorite-based biocides, commonly used as bleach, were assessed in two studies (Khan
et al., 2016; Skinner et al., 2018). Khan et al. (2016) found that 98 of 127 bacterial isolates from water
cistern samples exhibited zones of inhibition < 20 mm, indicating resistance/tolerance to commercial
bleach. Skinner et al. (2018) demonstrated that three E. coli O157:H7 isolates from animal sources
remained viable 24 hours after treatment with 0.26% bleach, suggesting that this concentration might
be insufficient for effective disinfection of contaminated footbaths, potentially leading to cross-
contamination.

3.2.6.4. Quaternary Ammonium Compounds (QACs)-Based Commercial Biocides

Skinner et al. (2018) also evaluated a QACs-based biocide containing didecyldimethylammonium
chloride (DDAC) and found viable E. coli O157:H7 in manure-contaminated footbaths after treatment.
Other studies investigated formulations combining DDAC with additional biocides, such as 2-propanol
or glutaraldehyde. Chojecka et al. (2014) observed a 6-8-fold increase in MICs in Pseudomonas
aeruginosa laboratory strains after seven passages with a DDAC-based biocide. Similarly, Reichel et
al. (2014) reported resistance/tolerance in P. aeruginosa after exposure to two formulations containing
DDAC with either ethylenedioxyl dimethanol or benzyl-C12-18-alkyldimethylammonium chlorides.
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Studies on reference strains of Salmonella Typhimurium and Staphylococcus aureus (Hilgren et al.,
2009; Whitehead et al., 2011) did not specifically link QACs exposure to resistance/tolerance
development, indicating further research is needed to clarify these effects.

3.2.6.5. Other Commercial Biocides

Biocides based on peracetic acid, ethanol, phenyl-phenol, and organic acids (caprylic, capric, lactic)
were mentioned in the literature (Beier et al., 2015; Boddie & Nickerson, 1992; Poimenidou et al., 2016;
Skovgaard et al., 2013). However, the studies did not provide sufficient evidence to establish a clear
association between their use and the development of bacterial resistance/tolerance.

3.3. FORMS OF RESISTANCE: BIOFILMS AND SPORES

3.3.1. Biofilms

Biofilms are complex bacterial survival mechanisms that involve the production of a protective
extracellular polymeric substance (EPS) matrix. This matrix can enhance resistance to external agents,
including active substances in biocidal products (Bridier et al., 2011). In this systematic review, 50 of
182 studies investigated the effects of biocides on biofilms from various bacterial species. Most studies
demonstrated that biofilms exhibit significantly higher resistance/tolerance to biocides compared to
planktonic cells.

For instance, Luque-Sastre et al. (2018) exposed Listeria spp. biofiims to benzalkonium chloride,
ethanol, and commercial biocides containing DDAC, benzalkonium chloride, ethanol, and propan-2-ol.
Although these biocides reduced biofilm biomass, they failed to fully inactivate bacteria within biofilms,
whereas planktonic cells were completely inactivated at the same biocidal concentrations. Similarly,
Otter et al. (2015) highlighted that biofilms influence bacterial susceptibility to disinfectants through
multiple factors, including reduced biocide penetration, alterations in bacterial metabolism, changes in
quorum sensing, and modulation of stress responses and other physiological processes.

Several factors affected the efficacy of biocides against biofilms in the reviewed studies. These include
biocide concentration, type, and exposure time (Lagacé et al., 2006; Techaruvichit et al., 2016; Wong
et al., 2010; Yun et al., 2012). Variability among bacterial species and strains within biofilms also
influenced responses to biocide-induced stress (Cochran et al., 2000; Rodrigues et al., 2011; Silva et
al., 2020). Wong et al. (2010) observed that the age of Salmonella Typhimurium biofilms did not alter
their susceptibility to benzalkonium chloride, CHG, sodium hypochlorite, or ethanol.

The effectiveness of biocides on mixed-species biofilms was another area of exploration (Behnke et al.,
2011; Brandle et al., 2008; Kostaki et al., 2012; Simdes et al., 2011; Wilson et al., 2022). Kostaki et al.
(2012) found that individual strains in mixed-species biofilms were more susceptible to biocides than in
single-species biofilms, a finding echoed by other researchers (Brandle et al., 2008; Lindsay et al., 2002;
Simdes et al., 2011; Wilson et al., 2022). Behnke et al. (2011) observed that the disinfection effect
depended on the species composition of the biofilm, emphasizing the importance of studying mixed-
species biofilms to better replicate real-world conditions.

Biofilm formation was also examined in relation to biocide exposure. Several studies reported that
biocide exposure induced biofilm formation (Henly et al., 2019; Périamé et al., 2015; Rodriguez-Melcén
et al., 2019; Romeu et al., 2020; Sun et al., 2019; Vikram et al., 2015). Some hypothesized that efflux
pump genes might drive this phenomenon (Sun et al., 2019; Vikram et al., 2015).

In summary, biofilm susceptibility to biocides is influenced by factors such as species interactions,
biofilm structure, and biocide concentration, type, and exposure time. However, there is a lack of
standardized guidelines for assessing biofilm susceptibility to biocides in healthcare, animal care, and
food industry applications (SCENIHR, 2009). Further research is needed to clarify the role of biocides
in biofilm formation and the mechanisms biofilm-forming bacteria use to resist or tolerate these products.

3.3.2. Spores

Spores are highly resistant survival structures that can endure extreme conditions, including high and
low temperatures, nutrient deprivation, and extreme pH. Understanding spore formation, germination,
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and destruction is crucial for preventing and controlling this health concern in healthcare, animal care,
and agri-food sectors (Setlow, 2016). In this systematic review, six of 182 studies investigated the
resistance/tolerance of bacterial spores to biocides using challenge tests.

Most studies focused on Bacillus spp. (B. subtilis, B. cereus, and B. anthracis) (5/6 studies), with one
study examining Clostridium sporogenes. The biocides evaluated included povidone-iodine (Gorman et
al., 1985), hydrogen peroxide (Popham et al., 1995), chlorocresol, chlorhexidine gluconate, sodium
hypochlorite, sodium dichloroisocyanurate, glutaraldehyde, and formulations containing peracetic acid
(Hilgren et al., 2009) and glutaraldehyde (Chojecka, 2022).

The studies identified variability in spore resistance/tolerance across bacterial species. This variability
was linked to differences in biocide type, concentration, and exposure time (Chojecka, 2022). However,
the precise mechanisms underlying spore resistance remain unclear. Further research is needed to
explore spore structure, resistance factors, interspecies and intraspecies differences, and permeability,
which may inform the development of optimized disinfection methods (Leggett et al., 2012).

Currently, no standardized methods exist for determining spore resistance/tolerance to biocides.
Furthermore, to the best of the authors' knowledge, no studies have evaluated whether biocide
application induces spore formation in healthcare, food, or animal care sectors. Addressing these gaps
will be critical for improving biocide efficacy and minimizing public health risks.

4. Conclusions, Limitations, and
Recommendations

From the studies analyzed, benzalkonium chloride emerged as the biocide most frequently associated
with bacterial resistance or tolerance, with 25 out of 67 studies reporting this link. These findings,
however, should be interpreted with caution due to differences in study type (experimental,
observational, or both), size, and relevance. Despite these variations, another systematic review by
Barber and Hartmann (2022) also highlighted the concern of bacterial resistance/tolerance to
benzalkonium chloride and the risks of its unregulated use in private, public, and domestic sectors.
Resistance or tolerance was also observed in studies on other biocides, including ozone (2/2, 100%),
chlorine dioxide (3/8, 38%), iodine (1/3, 33%), hydrogen peroxide (8/36, 22%), chlorhexidine gluconate
(CHG, 8/36, 22%), and didecyldimethylammonium chloride (DDAC, 3/14, 21%). However, the limited
number of studies investigating ozone, chlorine dioxide, and iodine necessitates further research to
confirm potential resistance/tolerance to these biocides. Furthermore, even lower percentages of
studies ranging from 6 to 13% were associated with resistance/tolerance to sodium hypochlorite,
peracetic acid, povidone-iodine and glutaraldehyde. It is worth to mention that 24% (12 of 51) of the
reviewed studies found resistance/tolerance to commercial biocides with different ingredient
formulations (Figure 4).

Moreover, species of resistant/tolerant bacteria from different origins observed in the collected studies
were highly variable. As shown in Figure 4, bacterial species most associated with resistance/tolerance
to biocides were similar to the most studied bacterial species in the included studies. Thus, it was not
possible to detect any specific pattern of biocide resistance/tolerance dependent on bacterial species or
isolate origin. Although the development of biocide resistance/tolerance in bacteria was observed in
multiple studies, the observed patterns might reflect the frequency of the studied bacteria in the reviewed
articles rather than a true link between biocide resistance/tolerance and bacterial species (Meade et al.,
2021).

The link between the presence of biocide resistance genes and phenotypic biocide resistance/tolerance
was explored in 30 of the 182 studies. Although some studies reported this link, the variability of results,
target genes, and the limited number of studies make it difficult to draw clear conclusions about a
correlation between phenotypic and genotypic biocide resistance/tolerance. This aligns with the
observations of Wales & Davies (2015). Despite these limitations, QACs—particularly benzalkonium
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chloride—were the biocides most frequently associated with both genotypic and phenotypic
resistance/tolerance (Figure 5).

Bacterial co-selection to other antimicrobials and/or biocides was examined in 40 of the 182 studies,
with 70% (28/40) reporting co-selection. The QAC family, especially benzalkonium chloride, showed the
highest rate of co-selection in these studies (Figure 6). These findings suggest that co-selection caused
by bacterial exposure to biocides is a significant public health concern. Paul et al. (2019) similarly
highlighted biocide co-selection as a critical issue, emphasizing the need for surveillance programs to
monitor this phenomenon and develop appropriate international intervention strategies. However,
further research is needed to better understand the phenotypic and genotypic mechanisms underlying
co-selection.

Most observational and experimental studies did not report resistance/tolerance to biocides in bacteria
isolated from diverse sources (e.g., animal, human, food, water, and feed). However, inconsistencies in
methodologies, study types, bacterial strains, and isolate origins complicated the analysis, limiting
comparability. Moreover, 147 out of 182 studies lacked clear criteria for distinguishing resistant/tolerant
from non-resistant/tolerant bacteria, further hindering conclusions. While some studies applied ECOFFs
or specific methodological cut-offs (e.g., Davis et al., 2005; Knapp et al., 2015), many relied on MIC
comparisons or other metrics without standardized protocols, underscoring the need for harmonized
guidelines.

4.1. LIMITATIONS IN THE LITERATURE

Several limitations, many of which align with previous findings (e.g., Knapp et al., 2015; Maillard,
2018; Paul et al., 2019; Wales & Davies, 2015), were identified in this systematic review:

e Terminological inconsistencies: Misuse of terms such as resistance, tolerance, co-
resistance, and co-selection.

e Methodological variability: Differences in experimental conditions even within similar
methodologies, complicating data interpretation.

e Lack of standardization: Absence of universally accepted cut-offs, reference strains, and
testing protocols.

e Unrealistic experimental conditions: Limited studies employed biocides at recommended-
use concentrations or used bacteria isolated from real-world environments (e.g., animals,
food, humans).

e Insufficient representation of bacterial diversity: Many studies lacked a representative and
broad selection of bacterial isolates.

Addressing these limitations through standardized methodologies, clear guidelines, and representative
sampling is crucial for advancing our understanding of biocide-induced resistance/tolerance.

4.2. RECOMMENDATIONS FOR FUTURE RESEARCH

Given the limitations identified in this literature review and the growing public health concerns related to
biocide resistance/tolerance, future studies should aim to address these gaps. The following
recommendations outline critical areas of focus to improve the reliability, comparability, and applicability
of research findings:

e Standardized protocols: Develop and adopt harmonized testing guidelines, including defined
cut-offs (e.g., ECOFFs) and reference strains, to ensure reproducibility and comparability
across studies.

e Realistic scenarios: Conduct more experimental studies under field conditions using
recommended-use concentrations of biocides and bacteria from diverse sources (e.g.,
zoonotic, foodborne, and environmental).

e Surveillance and monitoring: Implement global and national-level surveillance systems to
monitor biocide resistance/tolerance trends and inform mitigation strategies.

e Mechanistic studies: Investigate the genetic and ecological mechanisms underlying biocide-
induced resistance/tolerance, including co-selection with antimicrobials.
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e Comprehensive evaluations: Include broader bacterial diversity in studies, focusing on
mixed-species biofilms and resistant forms such as spores.

4.3. PRACTICAL IMPLICATIONS

MIC testing, despite its limitations, emerged as the most commonly used method for evaluating biocide
susceptibility. While less precise than MBC testing, MIC offers practicality for high-throughput
applications and surveillance. However, its use should be standardized and supplemented with field
studies evaluating biocides in realistic conditions. For example, Morente et al. (2013) demonstrated the
efficacy of commercial formulations in reducing bacterial loads when used under proper application
protocols.

Improper use of biocides (e.g., suboptimal concentrations, insufficient exposure times, or inadequate
rinsing) remains a significant concern. Such practices may leave residues, facilitating bacterial survival
and adaptation. Future studies should explore how biocide residues and environmental conditions
contribute to resistance development.

4.4. KEY FINDINGS AND PUBLIC HEALTH IMPLICATIONS

This review assessed whether PT3 (veterinary hygiene) and PT4 (food/feed production) biocides could
drive resistance or tolerance in zoonotic, foodborne, and indicator bacteria. While some studies
identified potential links—particularly for QACs like benzalkonium chloride—many lacked clear criteria
for determining resistance/tolerance, limiting conclusions. Additionally, co-selection between biocides
and antimicrobials was frequently reported, particularly for benzalkonium chloride, raising concerns
about its public health implications.

To mitigate these risks, regulatory agencies and commercial producers should prioritize regular testing
and assessment of biocide efficacy, ensuring compliance with recommended-use guidelines. Enhanced
surveillance, standardized testing protocols, and increased research on the ecological impact of biocide
residues will be pivotal in addressing this emerging health concern.
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ANNEXES

Annex 1+ Boolean operators and keywords tailored to the PubMed database and applied in
this systematic review.

Pubmed

(“foodbo*” [MeSH Terms] OR “bacteria’lMeSH Terms] OR “food chain’[MeSH Terms] OR
“zoonotic’[Title/Abstract] OR “pig production’[Title/Abstract] OR “farm”[Title/Abstract] OR
“slaughter’[Title/Abstract] OR “abattoir’[Title/Abstract] OR “poultry production”[Title/Abstract] OR
“chicken production”[Title/Abstract] OR “flock”[Title/Abstract] OR “herd”[Title/Abstract] OR
“pig*’[Title/Abstract] OR “cow*”[Title/Abstract] OR “cattle’[MeSH Terms] OR “chicken*’[MeSH Terms]
OR “bovine’[Title/Abstract] OR  “poultry’[MeSH Terms]) AND (“PT3”[Title/Abstract] OR
“PT4”[Title/Abstract] OR “biocid*’[Title/Abstract] OR *“biocidal product*’[Title/Abstract] OR “active
chlorine’[Title/Abstract] OR “N-C10-16-alkyltrimethylenedi-“[Title/Abstract] OR “iodine’[MeSH Terms]
OR “povidone-iodine”[MeSH Terms] OR “L-(+)lactic acid”[Title/Abstract] OR “peracetic acid’[MeSH
Terms] OR “bromoacetic acid’[Title/Abstract] OR “calcium hydroxide’[MeSH Terms] OR “dolomitic
lime”[Title/Abstract] OR “hydrated dolomitic lime”[Title/Abstract] OR “calcium oxide”[MeSH Terms] OR
“capric acid”[Title/Abstract] OR “benzoic acid’[MeSH Terms] OR “phenylphenol’[Title/Abstract] OR “2,2-
dibromo-2-cyanoacetamide”[Title/Abstract] OR “hydroxydichlorodiphenyl ether”’[Title/Abstract] OR
chlorine dioxide[Title/Abstract] OR “chlorocresol’[Title/Abstract] OR “isopropanol”’[Title/Abstract] OR
"ethanol"'[MeSH Terms] OR “didecyldimethylammonium chloride”[Title/Abstract] OR "quaternary
ammonium  compounds"[MeSH Terms] OR ‘“silver'[MeSH Terms] OR "benzalkonium
chloride"[Title/Abstract] OR "caprylic acid"[Title/Abstract] OR “formate”[Title/Abstract] OR “disodium
peroxodisulphate”[Title/Abstract] OR “cyanamide”[Title/Abstract] OR "ozone"[MeSH Terms] OR
“glycolic acid’[Title/Abstract] OR “glucoprotamin”[Title/Abstract] OR “glycolate”[Title/Abstract] OR “free
radicals”[Title/Abstract] OR “2-Phenoxyethanol’[Title/Abstract] OR “formic acid”[Title/Abstract] OR
“salicyclic acid’[Title/Abstract] OR “chlorhexidine digluconate’[Title/Abstract] OR “performic
acid’[Title/Abstract] OR  “DCPP’[Title/Abstract] OR  “poly(oxy-1,2-ethanediyl),  a-[2-(dide-
cylmethylammonio)ethyl]- .omega.- hydroxy-, propanoate”[Title/Abstract] OR “alkyl (C12-C18)
dimethylbenzyl ammonium chloride”[Title/Abstract] OR “Alkyl (C12-C14)
dimethyl(ethylbenzyl)Jammonium  chloride’[Title/Abstract] OR  “polyhexamethylene  biguanide
hydrochloride”[Title/Abstract] OR “formaldehyde’[MeSH Terms] OR “formalin”[Title/Abstract] OR
“troclosene sodium”[Title/Abstract] OR “pentapotassium bis(peroxymonosulphate)
bis(sulphate)’[Title/Abstract] OR “N-(3-aminopropyl)-N-dodecylpropane-1,3-diamine”[Title/Abstract] OR
“glutaraldehyde’[Title/Abstract] OR  “hydrogen peroxide’[Title/Abstract] OR “tosylchloramide
sodium’[Title/Abstract] OR  “symclosene”[Title/Abstractf OR  “sodium  dichloroisocyanurate
dihydrate™[Title/Abstract] OR “H202’[Title/Abstract] OR “CMIT/MIT”[Title/Abstract]) AND (“co-
resistan*’[Title/Abstract] OR “biocide resistan*’[Title/Abstract] OR “cross-resistan*’[Title/Abstract] OR
“susceptibility”[Title/Abstract] OR  “antimicrobial resistan*’[Title/Abstract] OR  “antibiotic
resistan*’[Title/Abstract] OR “minimum bactericidal concentration”[Title/Abstract] OR “minimum
inhibitory concentration”[Title/Abstract]) NOT (fungi* OR hospital* OR healthcare OR medic* OR yeast*
OR probiotic* OR virus OR toxic* OR metal*)
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Annex 2 * Boolean operators and keywords tailored to Scopus database and used in this
systematic review.

Scopus

(TITLE-ABS-KEY (“chicken”) OR TITLE-ABS-KEY(“flock”) OR TITLE-ABS-KEY(“cattle”) OR TITLE-
ABS-KEY(“‘cow™) OR TITLE-ABS-KEY(“pig*™”) OR TITLE-ABS-KEY(“herd”) OR TITLE-ABS-
KEY(“bovine”) OR TITLE-ABS-KEY (“poultry”) OR TITLE-ABS-KEY (“chicken production”) OR TITLE-
ABS-KEY (“poultry production”) OR TITLE-ABS-KEY (“abattoir’) OR TITLE-ABS-KEY (“slaughter’) OR
TITLE-ABS-KEY (“farm”) OR TITLE-ABS-KEY (“pig production”) OR TITLE-ABS-KEY (“food chain”) OR
TITLE-ABS-KEY (“foodbo*”) OR TITLE-ABS-KEY (“bacteria”) OR TITLE-ABS-KEY(“zoonotic’)) AND
(TITLE-ABS-KEY(“PT3”) OR TITLE-ABS-KEY(“PT4”) OR TITLE-ABS-KEY (“biocid*”) OR TITLE-ABS-
KEY(“biocidal product*”) OR TITLE-ABS-KEY(“active chlorine”) OR TITLE-ABS-KEY (“troclosene
sodium”) OR TITLE-ABS-KEY (“tosylchloramide sodium”) OR TITLE-ABS-KEY (“glucoprotamin”) OR
TITLE-ABS-KEY(“iodine”) OR TITLE-ABS-KEY(“N-(3-aminopropyl)-N-dodecylpropane-1,3-diamine”)
OR TITLE-ABS-KEY(“povidone-iodine”) OR TITLE-ABS-KEY(“L-(+)lactic acid”) OR TITLE-ABS-
KEY (“peracetic acid”) OR TITLE-ABS-KEY (“bromoacetic acid”) OR TITLE-ABS-KEY (“salicylic acid”)
OR TITLE-ABS-KEY (“caprylic acid”) OR TITLE-ABS-KEY(“symclosene”) OR TITLE-ABS-KEY (“sodium
dichloroisocyanurate dihydrate”) OR TITLE-ABS-KEY (“pentapotassium bis(peroxymonosulphate)
bis(sulphate)’) OR TITLE-ABS-KEY (“calcium hydroxide”) OR TITLE-ABS-KEY (“dolomitic lime”) OR
TITLE-ABS-KEY (“hydrated dolomitic lime”) OR TITLE-ABS-KEY (“performic acid”) OR TITLE-ABS-
KEY (“poly(oxy-1,2-ethanediyl), a-[2-(dide- cylmethylammonio)ethyl]- .omega.- hydroxy-, propanoate”)
OR TITLE-ABS-KEY (“calcium oxide”) OR TITLE-ABS-KEY (“capric acid”) OR TITLE-ABS-KEY (“chlorine
dioxide”) OR  TITLE-ABS-KEY(“chlorhexidine  digluconate”) OR  TITLE-ABS-KEY(“quaternary
ammonium compounds”) OR TITLE-ABS-KEY (“2-phenoxyethanol”) OR TITLE-ABS-KEY(“2,2-dibromo-
2-cyanoacetamide”) OR TITLE-ABS-KEY (“silver”) OR TITLE-ABS-KEY (“free radicals”) OR TITLE-ABS-
KEY(“ozone”) OR TITLE-ABS-KEY (“glycolic acid”) OR TITLE-ABS-KEY (“formic acid”) OR TITLE-ABS-
KEY (“ethanol”) OR TITLE-ABS-KEY (“benzoic acid”) OR TITLE-ABS-KEY (“benzalkonium chloride”) OR
TITLE-ABS-KEY (“alkyl (C12-C14) dimethyl(ethylbenzyl)ammonium chloride”) OR TITLE-ABS-
KEY(“phenylphenol’) OR TITLE-ABS-KEY(“DCPP”) OR TITLE-ABS-KEY(“cyanamide”) OR TITLE-
ABS-KEY (“hydroxydichlorodiphenyl ether’) OR TITLE-ABS-KEY(“chlorocresol”) OR TITLE-ABS-
KEY(“isopropanol’) OR  TITLE-ABS-KEY(“disodium  peroxodisulphate”) OR  TITLE-ABS-
KEY (“didecyldimethylammonium chloride”) OR TITLE-ABS-KEY(“alkyl (C12-C18) dimethylbenzyl
ammonium chloride”) OR TITLE-ABS-KEY (“polyhexamethylene biguanide hydrochloride”) OR TITLE-
ABS-KEY (“formaldehyde”) OR TITLE-ABS-KEY(“formalin”) OR TITLE-ABS-KEY (“glutaraldehyde”) OR
TITLE-ABS-KEY(“hydrogen  peroxide”’) OR  TITLE-ABS-KEY(“H202”) OR  TITLE-ABS-
KEY(“CMIT/MIT”)) AND (TITLE-ABS-KEY (“co-resistan*”) OR TITLE-ABS-KEY(“cross-resistan*”) OR
TITLE-ABS-KEY (“susceptibility”) OR TITLE-ABS-KEY (“antimicrobial resistan®”) OR TITLE-ABS-
KEY(“biocide resistan*’) OR TITLE-ABS-KEY (“antibiotic resistan*’) OR TITLE-ABS-KEY(“minimum
bactericidal concentration”) OR TITLE-ABS-KEY(“minimum inhibitory concentration”)) AND NOT
(ALL(fungi*) OR ALL(hospital) OR ALL(medic*) OR ALL(healthcare) OR ALL(yeast*) OR ALL(probiotic*)
OR ALL(virus) OR ALL(toxic*) OR ALL(metal*))
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Annex 3 Barplot illustrating the number of studies* observing resistance/tolerance to biocidal products in the nine most studied bacterial genera (x axis),

categorized by isolate origin, across six biocide groups.
This figure highlights the observed biocide resistance/tolerance patterns across various bacterial genera, isolate origins, and biocide categories. "N" indicates studies

where the isolate origin was not reported. *A study may include multiple isolates from different sources, and may therefore be represented in several plots according to
the origin
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