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Introduction
The exposure of bacteria to antimicrobial agents as well as to biocides may act as a

selective pressure, which promotes the development of resistant bacteria (Levy, 2002b;
Russell, 2003; Holmes et al., 2015). The emergence of antimicrobial resistance in bacterial
pathogens poses an increasing threat to human and animal health and requires consistent and
effective measures to limit the development and spread of resistant bacteria (WHO, 2014;
EFSA, 2019). Biocides are used to inactivate pathogenic microorganisms and are therefore of
particular importance in infection control and to prevent the spread of nosocomial pathogens.
Nevertheless, biocides are increasingly used for a variety of other purposes and in a wide
range of applications including hospitals, food production, veterinary medicine, animal
husbandry and in households (McDonnell and Russell, 1999; SCENIHR, 2009; Maillard et al.,
2013). Preventing the development of bacterial resistance and cross-resistance is of
fundamental importance to maintain the effectiveness of biocides for infection control and
hygiene (SCENIHR, 2009). Biocide resistance has been reported in a significant number of
bacterial isolates (Chapman, 1998; D'Arezzo et al., 2012; Kampf, 2016; Hardy et al., 2018;
Pidot et al., 2018; Stein et al., 2019). Biocides also contribute to the development and the
spread of bacterial pathogens that exhibit resistance phenotypes to both, biocides and
antimicrobial agents (SCENIHR, 2010), as a number of resistance mechanisms (e.g. efflux
pumps and membrane permeability changes) can result in resistance to both (Russell, 2001;
Maillard, 2005; Thomas et al., 2005). Therefore, there is an urgent need to monitor the
emergence and determine the extent of biocide resistance (SCENIHR, 2009).
To monitor biocide resistance systematically, it is necessary to use standardized
methods that provide (intra- and interlaboratory) reproducible and comparable information
(Gould, 1998; Rodloff et al., 2008; Buffet-Bataillon et al., 2012; RKI, 2019). Many different
methods have been used for biocide susceptibility testing (Suller and Russell, 1999; Thomas
et al., 2000; Couto et al., 2008; Buffet-Bataillon et al., 2012; Condell et al., 2012; Arioli et al.,
2013; Finn et al., 2013; Morrissey et al., 2014; Lanjri et al., 2017; Mombeshora and
Mukanganyama, 2017). As the methodology largely differs between the protocols used, results
of the different studies are hardly comparable. However, no standardized methods for biocide
susceptibility testing (BST) existed until first steps were made as we developed a broth
macrodilution protocol (Feßler et al., 2018). A convenient method facilitating high-throughput
screening, being easy to use and at the same time providing high precision results, is needed.
This includes, along with the test method itself, a method to verify that the correct inoculum
density is maintained, which is an important test parameter. This project aims to fill this gap by
developing a broth microdilution protocol for BST and by evaluating whether cell counting
during BST can be simplified without impairing the quality of the results.
1

Introduction
1.1

Biocides and bacterial resistance to biocides

1.1.1

The term biocide
The term biocide is derived from ancient Greek βίος bios, English “life” and Latin

caedere, “kill”. Biocide is a general term that is often used very broadly. For example, according
to the EU Biocidal Products Regulation 528/2012 (EU, 2012), biocides comprise among others,
disinfectants, antiseptics, preservatives, fungicides, algaecides, rodenticides and insecticides.
Others use the term biocide to generally describe a chemical agent that inactivates
microorganisms, usually with a broad spectrum of activity (McDonnell and Russell, 1999).
Hence, biocides can refer to different chemicals, and their efficacy and use also depend greatly
on the formulation of the biocidal product (composition of ingredients and additives) (Maillard,
2018). To avoid problems related to the broad use of the term biocide, Maillard et al. (2013)
use the terms “microbicide” and “microbistat” when referring to chemicals that can kill
microorganisms or inhibit their replication, respectively, and which represent a subgroup of
biocides in the broader meaning of the term (Maillard et al., 2013). Thus, microbicides and
microbistats include disinfectants, preservatives and antiseptics with activity against all
microorganisms, but exclude antimicrobial agents (Maillard et al., 2013). In this study, I decided
to stick to the term “biocide” because it is commonly used throughout the scientific community
as well as in official documents (Levy, 2002a; Chapman, 2003a; Russell, 2004; EFSA, 2008a;
SCENIHR, 2009; SCENIHR, 2010; Condell et al., 2012; Morrissey et al., 2014; Deus et al.,
2017; Humayoun et al., 2018; Kampf, 2018; Kernberger-Fischer et al., 2018; Donaghy et al.,
2019; Roedel et al., 2020).
The term biocide is used, (1) when referring to chemicals with antiseptic and disinfectant
properties and (2) when referring to substances which, unlike antimicrobial agents, are not
commonly used to treat bacterial infections in animals or humans, but which nevertheless have
an antibacterial effect.

1.1.2

Use of biocides and critical applications
Biocide use is an integral part of hygiene measures to reduce microbial load and

transmission in clinical settings, which is crucial in the era of multidrug resistance and with an
increasing number of infections that do not respond to antimicrobial treatment (WHO, 2015).
Normally, biocides are used on inanimate objects (hard surface disinfectants), or
externally on the skin (antiseptics and topical antimicrobials). Furthermore, biocides are
commonly used to prevent or to limit microbial infections, or are used as an ingredient in
pharmaceuticals, cosmetics or other products to prevent microbial contamination (Russell,
2003). The manifold fields of application show the versatility of biocidal products (Maillard,
2005). Nowadays, biocides are increasingly incorporated into many consumer products, e.g.,
2
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in household cleaning products, toothpastes, mouthwashes, clothing, underwear, pens and
hand cleaning products (Maillard et al., 2013). In the modern food industry, the use of
preservatives is decreasing, with the consequence that, aiming to improve hygiene measures
and ensure food safety, there has been an increased use of biocides and disinfectants in the
production environment (Langsrud et al., 2003).
However, there are concerns related to the increased use of biocides due to the
potential correlation of biocide use with the emergence of antimicrobial resistance in bacteria
(Maillard, 2007; SCENIHR, 2009; Maillard et al., 2013). The development of inadequate
biocidal products and the improper use of biocidal products is a critical aspect (SCENIHR,
2010). Products containing biocides in low (sublethal) concentrations or for which the
bioavailability is low, may increase the risk of selection of resistance in target or non-target
microorganisms (Maillard, 2005; SCENIHR, 2010). Several laboratory studies have
demonstrated the evolution of resistance to biocides as a result of exposure to low
concentrations (Thomas et al., 2000; Walsh et al., 2003; Gomez Escalada et al., 2005a;
Christensen et al., 2011; Knapp et al., 2013; Mavri and Smole Možina, 2013). In high
concentrations, many biocides may be toxic, both for the user and for the environment
(Daschner and Dettenkofer, 1997; Daschner and Schuster, 2004). When biocides are released
into the environment, they also set the course for a changed microbial ecology (Levy, 2002b).
A problematic issue is the fact that biocides are not always fully biodegradable and can
therefore persist in sewage over long periods of time. An example for such biocides are
quaternary ammonium compounds (QACs), such as benzalkonium chloride, which are only
biodegradable under aerobic conditions (Tezel and Pavlostathis, 2015). This can then result
in frequent exposure to subinhibitory concentrations of QACs (Martínez-Suárez et al., 2016).
Bacteria repeatedly exposed to subinhibitory concentrations of QACs may develop resistance
(Ortiz et al., 2014a). A recent example is the COVID-19 pandemic and the accompanying
heavily intensified use of biocidal agents for environmental as well as personal disinfection,
both inside and outside health-care settings. As described in the Bulletin of the World Health
Organization (WHO) by the director of the Department of Global Coordination and Partnership
on Antimicrobial Resistance at WHO and his colleagues, this gives rise to concerns about the
risk of possible biocide resistance and cross-resistance to antimicrobials and calls for the
requirement to use only agents for disinfection with no or low selection pressure for
antimicrobial resistance (Getahun et al., 2020). As a consequence of the COVID-19 pandemic,
increased concentrations of biocides and antimicrobial agents are expected in wastewater,
wastewater treatment plants and receiving waters, which results, for example from an
increased use of biocide-containing soaps and disinfectant cleaners. The effects need to be
investigated, because there is concern that they may contribute to the development of
resistance (Murray, 2020).
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When considering the aforementioned factors, it is undeniable that, overall, the use
of biocides has brought an invaluable benefit to both animal and human health (Maillard, 2005;
SCENIHR, 2009; Siani and Maillard, 2015). Nevertheless, not reflected or inappropriate use
of biocidal products must be avoided. There have been proposals to introduce biocide
stewardship (Kampf, 2016), limiting biocide use only to applications with clear benefits. Overall,
when using biocidal products, a balance must be struck between the clear benefits and the
potential risks in terms of emerging bacterial resistances and of environmental pollution and
toxicity (Daschner and Schuster, 2004; Rutala and Weber, 2004).

1.1.3

Definition of resistance and related terms
A key issue is the definition of "resistance". A literal interpretation of resistance is the

ability of bacteria to resist the effects of a harmful chemical agent and to survive exposure to
a defined concentration of harmful agents (SCENIHR, 2009).
Usually, in the context of biocides, the term resistance can indicate that a strain is not
killed or inhibited by: (i) a concentration achieved in practice (the in-use concentration), (ii) a
concentration to which the majority of strains of that organism are susceptible, or (iii) a
concentration that affects the majority of cells in that culture (SCENIHR, 2009). The definition
of resistance is also based on in vitro parameters and is therefore linked to the test protocols
for resistance measurement (Russell, 2003; EFSA, 2008b; Maillard, 2018).
Several terms and definitions are used in literature, some of which overlap and are
often not sufficiently refined, and overall there is no clear consensus within the scientific
community (Maillard, 2018). Some definitions of resistance describe only a small decrease in
susceptiblity (Chapman, 1998) while, in the context of chemotherapeutic antimicrobial agents,
the term resistance reflects the failure of the agent during clinical use (Maillard, 2018), which
relates to the survival at an in-use concentration of a biocide that was intended to be
bactericidal. According to Maillard, in many papers the term "reduced susceptibility" has been
used, referring to minimal inhibitory concentration (MIC) values or the minimal bactericidal
concentration (MBC) (Maillard, 2018) indicating that a bacterial isolate can withstand higher
concentrations of a biocide than the majority of the population of the same species. The term
“tolerance” is likewise used to denote reduced susceptibility based on raised MIC values
(SCENIHR, 2009). In addition, it occurs that the terms "tolerance" and "resistance" are used
interchangeably, which could lead to misinterpretation of data (Gilbert and McBain, 2003;
Gerba, 2015).
Since there is a lack of standardized biocide susceptibility testing methods and
interpretation criteria (see also 3.4.2), a breakpoint is often arbitrarily chosen (Soumet et al.,
2005). MICs for a species often show a bimodal distribution, where the subpopulation with low
4
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MIC values usually does not possess resistance mechanisms while the other subpopulation
shows higher MIC values and often carries resistance mechanisms (Rodloff et al., 2008).
Several authors considered bacteria to be resistant towards a biocide based on the fact that
their MICs were at least two (Aase et al., 2000) or four (Emslie et al., 1986) times higher than
those obtained for the strains of the same species that are the most susceptible, but without
taking into account the distribution of MIC values. This is problematic because doubling the
MIC value, i.e. varying by one dilution step in a twofold dilution series, is within the expected
variance of the test system and is thus, accepted as normal variation (CLSI, 2018c). The
variations of ± 1 dilution step were also observed during the repeated tests during this study.
Altogether, the definition of resistance is not straightforward and therefore it is
important that the intended meaning of the word "resistance" is meticulously defined in
scientific articles with the necessary reference to the measurement method (Cerf et al., 2010).
This means that a definition of the terms used to describe the susceptibility of a bacterial strain
to a biocide must be provided with the context of its use.

1.1.4

Biocides used in this study
The mode of action of biocides is comparatively unspecific and significantly influenced

by the concentration (Russell and McDonnell, 2000; Maillard, 2002). In contrast to antimicrobial
agents, most biocides have several different target sites in the bacterial cell (Russell, 1990;
Maillard, 2002; Poole, 2002; Condell et al., 2012) and the overall damage to those target sites
leads to the bactericidal effect (Maillard, 2002; Maillard et al., 2013). Biocides act through
physico-chemical interactions or chemical reactions on cell components of the bacteria
(McDonnell and Russell, 1999; Ortega Morente et al., 2013). In general, three levels of
interaction mechanisms can be described according to the target structure in the bacterial cell:
interaction with external cellular components, interaction with the cytoplasmic membrane and
interaction with cytoplasmic components (Maillard, 2002; Ortega Morente et al., 2013).
However, a biocide may act at least on one level (Maillard, 2002; Ortega Morente et al., 2013).
The modes of action of biocides differ further based on the type of agent. Biocides can be
divided into electrophilic, lytic and oxidizing agents. Electrophilic biocides like glutardialdehyde
react with nucleophilic functional groups, which leads to clumping of the cytoplasm. Lytic
biocides such as QACs are surfactants and dissolve the cell membrane. Ethanol and
aldehydes also act at the cell membrane. Oxidizing agents such as sodium hypochlorite
destroy the cell by forming free radicals (Denyer and Stewart, 1998).
The biocides used in this study are widely used in health-care settings, veterinary
medicine, animal husbandry as well as in the food industry. To test the stability of the applied
protocol with different classes of biocides, representatives of QACs (benzalkonium chloride),
5
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cationic compounds (chlorhexidine), aldehydes (glutardialdehyde) and alcohols (isopropanol)
were used in this study. The four selected biocides differ in their modes of action:
Benzalkonium chloride (BAC) is a QAC and a cationic biocide. Its mode of action is
based mainly on the destabilization of the bacterial membrane via interaction with negative
charges (Kramer et al., 2008). BAC has bactericidal activity against Gram-positive and, to a
minor degree, Gram-negative bacteria (Kramer et al., 2008). The in-use concentration of BAC
in veterinary medicine is highly dependent on the indication and site of application and ranges
from 0.01 % up to 0.2 % (EMEA, 1997). Resistance mechanisms include alterations in
membrane composition and expression of qac genes encoding inducible efflux pumps (Kramer
et al., 2008; Ortega Morente et al., 2013; Jennings et al., 2017; Worthing et al., 2018).
Chlorhexidine (CHX) is a cationic biocide that belongs to the bis-biguanides. The
effect of CHX is concentration-dependent, being bacteriostatic in low concentrations and
bactericidal in higher concentrations (Kramer et al., 2008). Its spectrum includes particularly
Gram-positive, but also Gram-negative bacteria, mycobacteria and fungi (Kramer et al., 2008).
CHX damages the cell membrane and interferes with membrane-bound enzyme systems
(McDonnell and Russell, 1999). Resistance to CHX is acquired by multidrug efflux pumps and
changes in the cell membrane that limit the absorption of the biocide (Kampf, 2016; Cieplik et
al., 2019). Concentrations for usage in commercial products range most commonly from 0.5 %
to 4 % for surface dinsinfection, from 0.02 % to 4 % for antiseptic applications, or from
0.0025 % to 0.01 for preservation purposes (Maillard, 2005; Milstone et al., 2008).
Glutardialdehyde (GLU) (synonym: glutaraldehyde) belongs to the aldehydes and
reacts by cross-linking proteins and lipids on the outer surface of the cell (McDonnell and
Russell, 1999). GLU’s activity is highly dependent on temperature (van Klingeren and Pullen,
1993). GLU is most commonly used as chemosterilant for heat sensitive medical devices like
endoscopes. It is normally used in a concentration up to 2 %, and is sometimes also
recommended in concentrations up to 3 % (van Klingeren and Pullen, 1993; McDonnell and
Russell, 1999; Nelson, 2002; SCENIHR, 2009). Resistance to GLU is thought to be conveyed
through porin formation and upregulating of multidrug efflux pumps (Vikram et al., 2015).
Isopropanol (ISO) (synonyms: isopropyl alcohol or propan-2-ol) is a short-chain
alcohol. ISO kills bacteria by disrupting membrane functions and its activity is rapid and of
broad spectrum against all bacteria but is not effective against spores (McDonnell and Russell,
1999). ISO has the best antibacterial activity in concentrations between 60 % and 85 % (Ali Y.,
2001; Boyce and Pittet, 2002). For hand disinfection, it is typically used at a concentration of
at least 70 %. Concentrations above 90 % are less effective because protein denaturation is
decreased in the absence of water (Ali Y., 2001; Boyce and Pittet, 2002). Pidot and co-workers
described alcohol-tolerant Enterococcus faecium isolates that showed mutations in genes
involved in carbohydrate uptake and metabolism (Pidot et al., 2018).
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Altogether, biocides can be very diverse chemicals and, unlike antimicrobial agents,
have rather non-specific modes of action.

1.1.5

Resistance mechanisms
Bacteria express several mechanisms to respond to the harmful effects induced by

biocides. Biocides have multiple targets on the bacterial cell and are often regarded as nonspecific (Maillard, 2018). Most likely, several mechanisms contribute synergistically to the
detected resistance phenotype and the concentration of the biocide plays a major role in
whether there is a lethal or inhibitory effect on the bacterial cell (Denyer and Stewart, 1998;
McDonnell and Russell, 1999; Maillard and Denyer, 2009). The understanding of biocide
resistance mechanisms has generally improved, but overall the subject remains little studied
(Maillard, 2018).
The bacterial resistance mechanisms to biocides can be either intrinsic or acquired.
Intrinsic resistance is defined as a natural (innate) property of a bacterial cell that enables it to
evade the action of a biocide. In many cases, the cell structure prevents or reduces the
penetration of the biocide. Examples are the outer membrane of Gram-negative bacteria, or
the cell wall composition of mycobacteria that convey intrinsic resistance to many antimicrobial
compounds (Ortega Morente et al., 2013). Similarly, many bacterial spores are intrinsically
resistant to certain biocidal agents due to their outer layers that represent an effective barrier
for biocide action (Russell, 1999). Furthermore, physiological (phenotypic) modifications can
increase bacterial tolerance to biocides, e.g. of cells within a biofilm (Gilbert et al., 1993).
Since biocides usually have multiple targets on the bacterial cell, it is unlikely that the
development of resistance is caused by a specific modification of a target or by by-passing of
a metabolic process (SCENIHR, 2009). Hence, bacteria are more likely to develop very
unspecific resistance mechanisms towards biocides (Gnanadhas et al., 2012). At least some
of the general mechanisms responsible for resistance overlap and can be applied to biocides
as well as to antimicrobial agents, so that there is a possibility of cross-resistance (Russell,
2002a). On the other hand, most of the mechanisms that cause antimicrobial resistance are
agent specific and thus induce resistance to a specific antimicrobial agent or class (Ortega
Morente et al., 2013).
Acquired bacterial resistance mechanisms against biocides occur through mutation,
through the acquisition of genetic material like certain plasmids or transposons by horizontal
gene transfer (Paulsen et al., 1996; Russell, 1997; McDonnell and Russell, 1999), or via overexpression of genes or expression of previously silent genes (Chapman, 2003b). Many
mechanisms are intended to decrease the concentration of the biocide, so that it can no longer
cause damage to the bacterial cell, whereby repair mechanisms are also involved (Maillard,
7
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2018). The most common acquired resistance mechanism is protection due to changes in cell
envelope permeability (cellular impermeability) or increased biocide efflux (McDonnell and
Russell, 1999; Schweizer, 2001; Poole, 2002). These resistance mechanisms occur for
example via mutation in genes that are involved in the formation of the cell wall, membrane
lipids, porins, or outer membrane proteins (Gnanadhas et al., 2012). Efflux mechanisms, being
drug-specific or multi-drug, are important determinants of resistance towards both antimicrobial
agents and biocides (Poole, 2005) as they are capable of assimilating a wide range of
structurally unrelated substances. Efflux can be induced by some biocides. QACs, for example,
can promote the expression of efflux pumps, or stimulate mutations within the regulators of
efflux pump genes (Oethinger et al., 1998; Olliver et al., 2004; Webber et al., 2005; Morita et
al., 2006; Warner et al., 2008; Ricci et al., 2014; Buffet-Bataillon et al., 2016). Overexpression
of efflux pumps has also been reported following triclosan exposure (Chuanchuen et al., 2003;
Sanchez et al., 2005). Environmental isolates with reduced biocide susceptibility, from areas
with high biocide use, remarkably biguanides and QACs, showed a high prevalence of efflux
genes in several studies (e.g., qacA/B, norA, norB, smr) (Heir et al., 1999; Liu et al., 2015;
Conceição et al., 2016; Grande Burgos et al., 2016; Hijazi et al., 2016; Maillard, 2018).
A biocide concentration that does not kill the target bacterium triggers a stress
reaction that leads to the development of survival mechanisms. Altogether, the bacterial
resistance mechanisms toward biocides are manifold and partly very unspecific. This fuels
concerns about links between biocide and antimicrobial resistance and cross-resistance. The
available and effective concentration of the biocidal agent during use is therefore of utmost
importance.

1.1.6

Occurrence of biocide resistance
The multifactorial mode of action and broad target base of biocidal agents and biocidal

products led to the belief that development of biocide resistance in bacteria is rather unlikely
(Poole, 2002; Russell, 2003; Roedel et al., 2020). Although overall the data is still sparse
(Maillard, 2018) and the field of biocide resistance has been only haphazardly investigated
(Chapman, 2003a), there are numerous reports on biocide resistance and examples of
biocide-resistant bacteria using the same main resistance strategies that can also lead to
resistance to antimicrobial agents (Chapman, 2003a). Most of the investigations are in vitro
studies relating to a few particular biocidal agents and the susceptibility of few isolates.
There are numerous reports of environmental isolates that were less susceptible to a
specific biocidal agent. These isolates originated, for example, from health-care, from food
production or slaughterhouses and their resistance concerned various biocidal agents. Some
examples are the following: Langsrud and Sundheim found resistance to BAC among
8
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Pseudomonas spp. isolated from poultry carcasses in about 30 % of the isolates (Langsrud
and Sundheim, 1997). Langsrud and co-workers also found various strains with low-level
resistance to QACs isolated from food and food processing industry in Listeria
monocytogenes, Staphylococcus spp., Pseudomonas spp., and, less frequently, in lactic acid
bacteria and coliforms (Langsrud et al., 2003). Halbedel and colleagues analyzed an
exceptionally large cluster of L. monocytogenes isolates collected during a listeriosis outbreak
associated with blood sausage in Germany that included 134 highly clonal, BAC-resistant
isolates which carried the emrC gene that most likely caused the decreased susceptibility to
BAC (Halbedel et al., 2020). In health-care settings for example, Wisplinghoff and colleagues
found Acinetobacter baumanii isolates related to a nosocomial outbreak that required longer
agent contact times in order to be killed than non-outbreak-related strains of the same species
(Wisplinghoff et al., 2007). Bock and colleagues noted that not all investigated CHX
formulations were able to kill multi-drug-resistant (MDR) Klebsiella pneumoniae isolates after
the recommended exposure time (Bock et al., 2016). Dance and colleagues isolated a strain
of Proteus mirabilis resistant to CHX and cross-resistant to some antimicrobial agents, which
caused a hospital outbreak (Dance et al., 1987). Similarly, Stein and colleagues reported
nosocomial transmission of carbapenem-resistant K. pneumoniae nonsusceptible to CHX from
patients who were regularly washed with CHX, and in addition, some of the isolates also
showed resistance to colistin, which they linked to efflux in these CHX-adapted isolates and
as a result of the CHX exposure (Stein et al., 2019).
Moreover, there are studies that report outbreaks caused by bacterial contamination
of a biocide solution. In these biocide solutions, the bacteria had been able to survive or even
grow, causing outbreaks or pseudo-outbreaks. The analysis of these incidents has shed light
on some of the critical points and hazards related to the biocides used, some common
practices and application errors. Weber and co-workers, for example, reported in their review
a number of outbreaks associated with contaminated CHX solutions (Weber et al., 2007).
Similarly, Farrand and Williams found in 1973 that CHX-based disinfection can fail due to
some Gram-negative bacteria that could survive in the solution (Farrand and Williams, 1973).
Lanini and colleagues identified clinical isolates of Pseudomonas aeruginosa with increased
tolerance in a heavily contaminated triclosan soap dispenser (Lanini et al., 2011). Martin and
colleagues isolated a Bacillus subtilis isolate from a washer-disinfector whose vegetative form
was highly resistant to chlorine dioxide and hydrogen peroxide (Martin et al., 2015).
The introduction and extensive use of certain biocides in disinfection routine can
cause a decrease in biocide susceptibility, as shown by several studies (Russell, 2002b; Bock
et al., 2016; Hardy et al., 2018; Pidot et al., 2018), where an increase in the MIC values mirrors
the biocide’s introduction in clinical use.
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A number of studies analyzed the in vitro training of bacterial strains to survive
increasing concentrations of a biocide. Once the biocide was removed, the reduced
susceptibility could either be maintained or was lost again. The possibility of associated crossresistance to other biocides or antimicrobials has also been the focus of many of these studies.
Although this approach is detached from in situ situations and conditions and the clinical
relevance of these studies is limited, as stepwise training is likely to result in multiple mutations,
which may not occur in practice (Russell, 2003), such studies can provide valuable information
on resistance mechanisms. An example is the study by Thomas and co-workers, in which P.
aeruginosa was trained to become less sensitive to cationic biocides by gradually exposing it
to increasing concentrations of CHX or QACs (Thomas et al., 2000). Similarly, Russel and
colleagues as well as Tattawasart and colleagues successfully trained Pseudomonas stutzeri
to become insensitive to the same kind of agents (Russell et al., 1998; Tattawasart et al., 1999;
Tattawasart et al., 2000). Some of their P. stutzeri strains also showed reduced susceptibility
to other biocides, including triclosan, and to some antimicrobial agents to varying extents
(Tattawasart et al., 1999). Induction of reduced susceptibility by triclosan was also investigated
in Escherichia coli, Staphylococcus aureus and Acinetobacter johnsonii (Cottell et al., 2009).
Other classes of biocides, such as isothiazolones (Winder et al., 2000), hydrogen peroxide
and peracetic acid (Dukan and Touati, 1996) have also been the subject of studies to reduce
the susceptibility of bacterial isolates to them through stepwise training. Similarly, different
serotypes of Salmonella enterica were trained to survive increasing sub-inhibitory
concentrations of three biocides widely used in food industry facilities (Molina-González et al.,
2014).
Three studies regarding the effect of biocide exposure on population dynamics and
compositional change in a complex microcosm revealed that chronic or repeated sublethal
exposure of sink drain biofilms to some common biocides resulted with differing frequency in
clonal expansion of some species, and in selection for reduced susceptibility for a proportion
of the tested bacteria (Moore et al., 2008), or led to a decrease in species diversity but did not
significantly affect the susceptibility to the tested biocides or antimicrobial agents (McBain et
al., 2003; McBain et al., 2004).
Since biocides and antimicrobial agents share some resistance mechanisms, e.g.
efflux pumps or permeability changes, and those common resistance mechanisms could favor
cross-resistance, the use of biocides has raised concerns about the selection of biocide- and
antimicrobial-resistant bacteria (SCENIHR, 2010; Maillard et al., 2013). Cross-resistance
describes a resistance mechanism that enables bacteria to survive the effects of several
antimicrobial molecules with similar or overlapping mechanisms of action. Some of these
cross-resistances are conveyed by mutational up-regulation of multidrug efflux systems that
mediate reduced susceptibility to both classes of agents (Poole, 2002; Thorrold et al., 2007;
10
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SCENIHR, 2009). Furthermore, it has been found that changes in the cell envelope (reduction
in porins and changes in lipids) caused resistance to both, biocides and antimicrobial agents
(Denyer and Maillard, 2002; Nikaido, 2003; Tkachenko et al., 2007). The risk for biocideselected cross-resistance to clinically important antimicrobial agents has been discussed in
the literature (Russell, 1999; Schweizer, 2001; Poole, 2002). The opinion appeared to be that
cross-resistance between biocides and antimicrobials has rarely been detected (SCENIHR,
2009) and at least clinically, biocide-antimicrobial cross-resistance seemed to be negligible
(Poole, 2002). In 2019, Stein and co-workers found evidence for colistin resistance that
emerges from wide-ranging exposure to CHX in carbapenem-resistant K. pneumoniae
involved in a hospital outbreak (Stein et al., 2019). There were also further reports of biocideantimicrobial cross-resistance in Gram-negative bacteria (Poole, 2001: Russel 1998,
Tattawasart, 1999; Moken, 1997, McMurry 1998). Roedel and colleagues investigated L.
monocytogenes isolates from German food production plants with reduced biocide
susceptibility and found no evidence for cross-resistance to clinically relevant antimicrobial
agents in these field isolates (Roedel et al., 2019). With increasing research and attention to
the problem of cross-resistance between biocides and unrelated chemicals, such as
antimicrobial agents, more and more reports are published of its occurrence (Maillard, 2018).
In addition, bacterial biofilm is an important property in conferring resistance to both
antibiotics and biocides (SCENIHR, 2009). For example, Smith and Hunter found that some
biocides used in hospitals are ineffective against nosocomial pathogens, such as MRSA and
P. aeruginosa, which grow as biofilms on surfaces, although they may be effective against
planktonic populations, thus failing to control this reservoir of hospital-acquired infections
(Smith and Hunter, 2008). Tabak and co-workers demonstrated that the concentrations of
triclosan used in consumer products might not be effective in killing Salmonella when growing
within biofilms (Tabak et al., 2007). The induction of changes in susceptibility and biofilm
formation in uropathogenic E. coli were investigated by Henly and colleagues and they found
biocide exposure, especially to triclosan, causing a decrease in susceptibility that correlated
with an increase in biofilm biomass in all isolates and they also observed the induction of
antimicrobial cross-resistance by triclosan in 6/84 possible combinations of bacteria, biocide,
and antimicrobial agents (Henly et al., 2019). Ortiz and colleagues conclude from their studies
on the influence of subinhibitory concentrations of BAC on biofilm formation in L.
monocytogenes that biofilm formation may be an important feature in certain resistant and
persistent strains of L. monocytogenes (Ortiz et al., 2014b).
Bacteria have vast potential to adapt and develop ways to survive exposure to
biocides, especially if used imprudently or incorrectly. In health-care and other professional
settings in particular, all those involved must be trained on pitfalls and know critical points in
the use and preparation of biocidal products. It is important that studies are carried out which
11
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focus on the biocide susceptibility of individual strains to monitor susceptibility profiles rather
than only concentrating on the efficacy of a biocidal product. So far, studies addressing biocide
susceptibility have often varied in their methodologies, thus hampering the comparison of
results.

1.2

Approaches to biocide testing of bacteria
How to measure the biocide resistance of bacterial isolates is a key question, but the

approaches and strategies for doing so can vary widely and yield different results. Biocide
efficacy testing (BET) and biocide susceptibility testing (BST) are two approaches with a
different focus, that serve different purposes: The goal of BET is to provide information on the
performance of a biocidal product under conditions of use, whereas the goal of BST is to
determine the susceptibility of an individual bacterial isolate to a biocide. BST is important in
resistance surveillance and epidemiological studies for monitoring and early identification of
clinical isolates with elevated biocide MICs.
The objective of BET is to verify that the disinfectant achieves the intended purpose,
i.e. a specific disinfection task (Kramer et al., 2008). BET includes factors that may influence
the performance of a biocidal product during application and compares the biocidal products
with a reference substance to ensure that only biocidal products that have shown to be
effective are placed on the market (DIN, 2006; DVG, 2017). For BET, there are harmonized
protocols from important reference institutions for certification of biocidal products and advice
on disinfection procedures (e.g. DVG, VAH, DIN, see below). BET regimes are usually
structured in a two-stage procedure of quantitative suspension tests and tests closer to the
actual usage, that include, in a standardized way, factors of the application situation (such as
organic load, different surface conditions, application temperatures, contact times) (Kramer et
al., 2008). BET usually has the following or similar structure: basic bactericidal activity, followed
by quantitative suspension test and quantitative surface test for the evaluation of bactericidal
activity, and additionally, field tests under practical conditions can be conducted (Kramer et al.,
2008). Approved BET methods comparatively test the new compound and a reference
compound and compare the reduction of the bacterial growth, usually of two to four reference
strains. In Germany, there are several guidelines for performing BET, e.g. those of the German
Veterinary Medical Society (Deutsche Veterinärmedizinische Gesellschaft e.V., DVG) (DVG,
2017), the Disinfectants Commission in the Association for Applied Hygiene (Verbund für
Angewandte Hygiene e.V., VAH) (VAH, 2015) and the German Institute for Standardization
(Deutsches Institut für Normung e.V., DIN) (DIN, 2006).
In addition, there are standardized and harmonized methods for antimicrobial
susceptibility testing (AST), for example issued by organizations such as the Clinical and
12
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Laboratory Standards Institute (CLSI) and the European Committee on Antimicrobial
Susceptibility Testing (EUCAST). In the absence of standardized methods for BST, many
different protocols were used (Suller and Russell, 1999; Thomas et al., 2000; Couto et al.,
2008; Buffet-Bataillon et al., 2012; Condell et al., 2012; Arioli et al., 2013; Finn et al., 2013;
Morrissey et al., 2014; Lanjri et al., 2017; Mombeshora and Mukanganyama, 2017). Mostly,
these approaches are derived from AST or are based on a similar test principle as done during
AST.
The adaptation of the AST methods and test principles for BST is in general
implementable. In AST, phenotypic susceptibility testing can be done using a variety of
different methods and there are several institutions issuing protocols (CLSI, EUCAST, DIN)
that provide quantitative (e.g. broth dilution methods) or qualitative (e.g. agar disk diffusion)
results. The broth dilution methods may be either in a macrodilution format based on culturing
a defined amount of bacteria in liquid cultures ≥ 2 mL containing different concentrations of
antimicrobial agents, or in a microdilution format using volumes < 0.5 mL (Lorian, 2005). After
incubation, the tests are examined for visible bacterial growth, which is recognized as turbidity
(CLSI, 2018c). The lowest concentration of the antimicrobial agent that prevents visible growth
is defined as MIC. The advantage of this test method is the generation of a quantitative result
(i.e. the MIC). The macrodilution method is a laborious manual work and requires large
amounts of reagents and space for each test. The miniaturization of the test principle with the
broth microdilution method facilitates some of these points. Standard microtiter plates,
homemade or commercially available, contain usually 96 wells that allow several compounds
to be tested simultaneously in a single microtiter plate, most commonly in 2-fold dilution steps
(Reller et al., 2009; CLSI, 2018a; CLSI, 2020).
No matter which test methodology is used or which protocol is followed, it is
indispensable that susceptibility testing follows a harmonized procedure including quality
control criteria. However, there was no recognized and standardized method for BST available.
Towards harmonization of the protocols, we have investigated the influence of different
parameters, commonly used in BET and AST, on the test results. We have developed a broth
macrodilution method for determining biocide susceptibility (Feßler et al., 2018), but this
method is laborious and time consuming. Therefore, the aim of this study was to develop a
broth microdilution method.

1.3

Test organisms
For this study bacterial species, representing both Gram-positive and Gram-negative

species were selected, since they have different properties relevant for biocide susceptibility.
For BET, defined strains from national or international strain collections are required, which
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are, among others, the following reference strains: the two Gram-positive Staphylococcus
aureus ATCC® 6538 (DSM 799), and Enterococcus hirae ATCC® 10541 (DSM 3320), and the
two Gram-negative Escherichia coli ATCC® 10536 (DSM 682) and Pseudomonas aeruginosa
ATCC® 15442 (DSM 939) (VAH, 2015; DVG, 2017). Therefore, those four reference strains
were selected for the development of the BST method.

1.4

Test parameters
Differences in the test procedure may alter the results obtained and limit the

reproducibility between tests. Therefore, to achieve a repeatable and reproducible test method,
a rigorous approach must be taken in the specification of the method, in preparation of the test
inocula, along with all aspects of the test methodology (Bloomfield et al., 1995). This refers to,
among others, incubation time, incubation temperature, inoculum density, inoculum
preparation and choice of nutrient broth (Brill et al., 2006; Bock et al., 2018). One of the major
sources of error and low reproducibility involves the lack of standardization of conditions for
harvesting and preparing test inocula, among other factors known to affect biocide
susceptibility (Bloomfield et al., 1995). Arioli and colleagues for example attributed differing
test media with the discrepancies in the MIC values they obtained in contrast to another study
(Arioli et al., 2013). Harmonization of parameters used during BST is paramount. Since biocide
testing of bacteria in BET is performed with different parameters than AST, parameters
commonly used during BET and AST were comparatively investigated in this study and the
results were analyzed with respect to their reproducibility. To achieve these goals, the
reference strains were subjected to comparative investigations and their influence on the test
results was evaluated.
1.5

Cell count determination
Inoculum density is a crucial parameter in many microbiological procedures, including

AST, BET and BST. Standardization of the inoculum is essential for an accurate and
reproducible test. Higher inoculum density may result in higher MIC values for antimicrobial
agents or biocides, while fewer bacteria in the inoculum may result in lower MIC values (CLSI,
2018b). It is therefore very important to strictly apply and rigorously monitor the inoculum
density recommended in the respective protocols in conjunction with each test run. Inoculum
density refers to the number of bacterial cells in the given sample. Consequently, the
determination of bacterial cell count is one of the most fundamental laboratory procedures in
microbiology (Hazan et al., 2012). There are several methods for cell count determination of
bacteria, some of which are quite simple and do not require special equipment, so they can be
performed in any laboratory, while others rely on advanced electronic equipment. Examples of
14
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these methods include, among others, spectrophotometry, direct count with a microscope,
membrane filtration method, drop plate method or the plate count method (Lee, 2008). Not all
of the methods differentiate between dead and living bacteria while some determine only viable
cells, like the plate count, drop plate and membrane filtration methods. Also, some only have
a low sensitivity (e.g. spectrophotometry) (Hazan et al., 2012).
In the context of susceptibility and efficacy testing, the plate count method is usually
used (DIN, 2006; DVG, 2017; CLSI, 2018c). In plate counting assays, a highly diluted volume
of the sample is spread over the surface of a nutrient agar plate using a cell spreader. After
incubation, the colonies are counted manually. The concentration of bacteria in the original
culture can then be calculated based on the assumption that each colony was formed from a
single bacterium (colony forming unit, CFU). Cultures usually need to be highly diluted prior to
plating or they will overlap and not be countable or be too numerous to count.
To achieve the required range of inoculum density in susceptibility tests, the inoculum
is usually adjusted by light absorption using a spectrophotometer or turbidimeter, but in
addition the cell density is confirmed by the determination of CFUs. However, the different test
methods for cell count determination have varying degrees of complexity.
In the course of this study, two established methods for cell count determination were
compared and examined with regard to their accuracy and their suitability for routine use in the
laboratory. The two methods considered were the method used in context of AST based on
the CLSI (CLSI, 2018a) and the method used in context of BET as described by the DVG
(DVG, 2017). The DVG method for determining the cell count requires several dilution steps
and the plating of a total volume of 1,000 µL of two dilution steps. The CLSI method requires
fewer dilution steps and the plating of only 100 µL of one dilution step.
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1.6

Aim of the present study

The aims of the present study were to
I.

develop a protocol for biocide susceptibility testing that provides stable test results and
allows a high throughput (Publication I), and

II.

evaluate, whether cell counting can be simplified without reducing the quality of the
results (Publication II).

To achieve these goals, four reference strains were subjected to comparative studies on the
influence of a number of important test parameters (Publication I). In addition, two established
methods for cell counting were compared and examined with regard to their accuracy and
suitability for routine use in the laboratory (Publication II).
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Discussion

3.1

Broth microdilution method for biocide susceptibility testing

3.1.1

Evaluation of the test parameters used
To obtain reproducible and comparable results, standardized test methods are

mandatory (Gould, 1998; Rodloff et al., 2008). The reproducibility and high precision of a
susceptibility test depends on rigorous standardization of factors involved in the test, such as
the subculture, the inoculum density, the way to suspend the inoculum, culture medium used,
incubation temperature and incubation time (Gilbert et al., 1987; Bloomfield et al., 1995;
Langsrud and Sundheim, 1998; Johnston et al., 2000; Kramer et al., 2008). To investigate the
influence of different test parameters, four reference strains and four biocides were repeatedly
tested by BST in independent tests. As described in Publication I, MIC values were
determined for the biocides BAC, CHX, GLU (2-fold dilution series) and ISO (2 %-steps) by
broth microdilution using seven independent tests. The reference strains used are S. aureus
ATCC® 6538, E. hirae ATCC® 10541, E. coli ATCC® 10536 and P. aeruginosa ATCC® 15442.
They were chosen as they are commonly used during BET. Tryptic soy broth was used as test
medium as it is also commonly used during BET. The microtiter plates contained a final volume
of 200 µL/well. Bacterial cell counts were performed to ensure, that the acceptable range of
1 - 10 x 108 CFU/mL (DVG, 2017; Feßler et al., 2018) was maintained.
The comparative investigations included the following parameters: (i) the use of
different subcultures (1st or 2nd subculture, SC), (ii) different ways to suspend the inoculum
(direct colony suspension method with or without the use of glass beads), (iii) different
inoculum densities (inoculum density according to DVG (DVG, 2017) and inoculum density
according to CLSI (CLSI, 2018c), and (iv) reading the results after three different incubation
times (24 h, 48 h and 72 h) at 37 °C in ambient air. Since BET and AST use different
approaches regarding these parameters, their influence on test results was comprehensively
investigated during the development of the BST method.
For each strain/biocide combination, 168 MICs were determined. The results of the
comparative investigations were evaluated for their stability by calculating deviations from the
acceptable range. The acceptable range was defined as the most common MIC value ± one
dilution step (Wallmann et al., 2006; Riesenberg et al., 2016; CLSI, 2018b; Humayoun et al.,
2018). Reproducibility was high for all reference strain/biocide/parameter combinations.
Overall, most results (86.9 – 100 %) were within the acceptable range.
Comparing the results for the inoculum densities according to the DVG or to CLSI,
high reproducibility was observed for both approaches. The inoculum densities according to
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the DVG revealed 85.7 - 100 % of results within the acceptable range and the inoculum
densities according to CLSI 84.5 – 100 % respectively.
For a more detailed analysis, the deviations within the seven independent tests were
analyzed for each parameter combination. In general, there were no major deviations between
the parameters and the different comparative investigations showed no significant influence
on the test results.
Since CLSI (CLSI, 2018c) allows a fresh 18-to 24-hour old culture for AST, while DVG
(DVG, 2017) requires 2nd or 3rd SC for BET, this parameter was included in the comparative
investigations. The 1st SC was directly plated from the glycerol stocks, whereas the 2nd SC was
subcultured from the 1st SC. Thus, there is one passage when using the 1st SC and two
passages when using the 2nd SC. The two different subcultures were used to confirm that there
was no difference between them with the aim of saving one day by possibly using the 1st SC.
For the different subcultures (1st or 2nd SC), deviations occurred overall randomly. Overall,
using the 1st SC yielded ten values (2.2 %) outside the acceptable range, while the 2nd SC only
led to five values (1.1 %) outside the acceptable range. Since those deviations were distributed
over the different reference strains and biocides and overall it was a low percentage of
deviations, use of both subcultures were considered to be equally applicable.
Evaluating the different incubation times, it was shown that longer incubation times
led to higher MIC values with the 24-hour MIC values being the most stable. Consequently, a
24-hour incubation time was recommended. This may also reduce time and space in the
incubators, is also similar to the incubation times commonly used for AST (CLSI, 2018c), and
is in accordance with our previous study about the development of a protocol for broth
macrodilution method (Feßler et al., 2018).
Concerning the inoculum densities, the results of the comparative investigations
revealed that both are adequate. The preparation of the inoculum density according to CLSI
requires a fewer number of dilution steps and is therefore more simple to perform and also
requires less culture medium, which makes this method less prone to pipetting and dilution
errors.
For the different methods of inoculum suspension preparation (direct colony
suspension method with or without the use of glass beads), deviations occurred overall
randomly and both methods were considered to be equally applicable. The direct colony
suspension method using glass beads complies with the protocols for BET of DIN, DVG and
VAH (DIN, 2006; VAH, 2015; DVG, 2017) and potentially facilitates the preparation of a
homogeneous inoculum suspension as it is less influenced by the bacterial species tested and
the experience of the personnel (Feßler et al., 2018). The direct colony suspension method
without glass beads is used in accordance with CLSI-approved AST methods (CLSI, 2018b;
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CLSI, 2018c; CLSI, 2020) and has the advantage that smaller amounts of TSD broth (3-5 mL
compared to 10 mL) are needed, which also results in less laboratory waste.
The incubation temperature of 37 °C used for this method is usually used for
incubation in BET (DIN, 2006; DVG, 2017), while AST is performed at 35 °C ± 2 °C (CLSI,
2018c; CLSI, 2020). Moreover, the temperature of 37 °C was also used in the previous study
to develop a BST method using broth macrodilution (Feßler et al., 2018). The commonly tested
bacteria grow well at both temperatures, 35 °C and 37 °C.
In conclusion, the following protocol is suggested: use of a fresh overnight culture (1st
or 2nd SC), inoculum suspension via direct colony suspension method with or without glass
beads, inoculum density according to DVG or CLSI and reading the results after incubation for
24 h at 37 °C.

3.1.2

Comparison with results of broth macrodilution
The results of the present study (Publication I) deviated only slightly from the MIC

values of the broth macrodilution method (Feßler et al., 2018). The biocides BAC, CHX and
ISO were investigated during the establishment of the broth macrodilution method using the
strain S. aureus ATCC® 6538 (Feßler et al., 2018). Comparing the results of this study
(Publication I) obtained after 24 h of all subgroups with those of the broth macrodilution
method (Feßler et al., 2018), both studies revealed the same modal MIC values for five of the
13 reference strain/biocide combinations, while the remaining eight were within ± one dilution
step. The comparability of the two BST methods is confirmed by this agreement.
Advantages of the broth microdilution method are that it does not require the relatively
large amount of reagents and therefore less space is required (Jorgensen and Ferraro, 2009).
The broth microdilution method is therefore better suited for high throughput and for the
commercial production of test plates, which then no longer require the time-consuming,
laborious, manual preparation of solutions for each test. However, the broth macrodilution
method may be useful for certain studies, for example when only a few concentrations steps
are of interest, or only a few isolates or biocides are the subject of the assay, or a specific test
range not present on the microdilution plate is to be tested.

3.2

Comparison of the different methods to determine biocide susceptibility.
In general, susceptibility testing can be performed by using phenotypic or genotypic

methods.
3.2.1

Different approaches to phenotypic determination of biocide susceptibility
As markers of phenotypic changes in bacterial susceptibility to a biocide, MIC

determinations have been used in many studies (Tattawasart et al., 1999; Russell and
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McDonnell, 2000; Suller and Russell, 2000; Thomas et al., 2000; Walsh et al., 2003; Thomas
et al., 2005; Maillard et al., 2013; Morrissey et al., 2014; Ortiz et al., 2014a; Conceição et al.,
2016; Roedel et al., 2019). Of course it is also possible to use other methods than the broth
microdilution method recommended in this study to determine the MIC of a bacterial isolate to
a biocide, e.g. the broth macrodilution method mentioned above.
Other approaches include investigating inactivation kinetics, the capacity and rate of
killing of a biocide over time using time-kill assays (Cookson et al., 1991; Lanker Klossner et
al., 1997; D'Arezzo et al., 2012), or determining bacterial growth kinetics in the presence of a
defined biocide concentration (Gomez Escalada et al., 2005b; Thomas et al., 2005; Wesgate
et al., 2020). These approaches include elaborate and complex procedures that provide very
detailed information and that can indicate phenotypic changes in a bacterial isolate or provide
insight into biocide-bacterial cell interactions and the nature of resistance within a population
(SCENIHR, 2009; Maillard et al., 2013). The MIC approach was chosen in this study to detect
the occurrence of reduced biocide susceptibility in bacterial pathogens early and to monitor
changes over time (Feßler et al., 2018), which is very relevant because the susceptibility can
decrease with further selection pressure, e.g. through repeated exposure (Thomas et al., 2000;
Abdel-Malek et al., 2002; Langsrud et al., 2003; Maillard, 2007). In addition, MIC determination
using the BST method as proposed in this study is suitable for rapid investigations of larger
strain collections and different biocides. However, the reading of MICs after 24 h of contact
between bacteria and biocide does not reflect the in-use situation, with usually very short
exposure times (Feßler et al., 2018). MIC values are appropriate trend indicators (Russell and
McDonnell, 2000; Walsh et al., 2003; Maillard and Denyer, 2009; Maillard et al., 2013; Knapp
et al., 2015) but reveal limited information on the susceptibility at in-use concentrations and
regular contact times to biocidal agents. Therefore, MIC values determined in vitro must be
correlated with the bactericidal activity in application situations (Feßler et al., 2018) as the aim
of disinfection measures is the killing of microorganisms. Measuring MBCs would be more
appropriate for certain research questions, because they can assess the lethality of the in-use
concentration of a biocide (SCENIHR, 2010), and are therefore closer to the application
scenario. In order to determine the MBC accurately, the biocide must be removed from the
assay or neutralized (Cerf et al., 2010; SCENIHR, 2010). The determination of MBCs is hence
a valuable complement to MICs, but much more elaborate. It has been proposed to use a
combination of biocide MICs, biocide MBCs, AST and stability testing for a bacterial strain as
an element for risk assessment and predicting the potential risk of resistance development
following biocide exposure (Knapp et al., 2015; Wesgate et al., 2016). Moreover, the need to
develop a framework for realistic risk assessment of biocide use impacts for industry,
consumers, and regulators was identified (Maillard et al., 2013). An advanced approach via
flow cytometric analysis and fluorescence-activated cell sorting (FACS), that can investigate
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and separate bacteria depending on their light scattering and fluorescent properties, offers
high throughput and insights into the behavior of individual bacterial strains in their response
to biocide exposure (Whitehead et al., 2011; Maillard et al., 2013).
The applicability of methods involving a nutrient broth can be limited because for
several biocides, precipitation in the nutrient broth has been reported to occur at higher biocide
concentrations restricting the test range (Nicoletti et al., 1993; Sundheim and Langsrud, 1995).
For example, Nicoletti and co-workers stated that CHX started to precipitate at concentrations
above 0.0256 % (Nicoletti et al., 1993), which is comparable with the results of the present
study, where CHX started to precipitate at 0.016 %. Langsrud and Sundheim as well as
Langsrud and colleagues could not test BAC in nutrient broth above concentrations of 0.02 %
because of precipitation (Langsrud and Sundheim, 1997; Langsrud et al., 2003), which is very
similar with the results of the present study, where BAC started to precipitate at 0.03 %.
The question of whether in situ studies provide better information about biocide
susceptibility of bacterial isolates than in vitro studies has been the subject of substantial
discussions (Maillard et al., 2013). Both, in vitro and in situ studies, have advantages and
disadvantages and each provide valuable results in their respective focus. The implications
and relevance of the results of in vitro-only studies for in situ applications is limited since
important parameters that reflect the conditions during in-use settings are lacking. Biocides
are often used as part of a formulation, i.e. several active agents are combined or adjuvants
are added. However, biocide formulae have been rarely investigated in terms of BST (Maillard,
2018). Nevertheless, in vitro protocols are indispensable as they provide reproducible data
sets and generate a high degree of confidence in the results as well as that they are much less
complex and costly to conduct (Maillard et al., 2013). To evaluate, for example, the changes
in the efficacy of biocides upon contact with organic substances and different contact times,
BET must be applied.
The need for monitoring bacterial biocide susceptibility profiles on a regular basis
requires reliable high throughput screening, low labor and low cost methods that also allow
comparison of results between studies, Therefore, one aim of this study was to develop a broth
microdilution method for BST.

3.2.2

Genotype-based approaches to determine biocide susceptibility
For a genotype-based approach, molecular methods can be used because resistance

characteristics are often genetically encoded, making it possible to test for specific known
genes that confer specific resistance phenotypes. However, the presence of a gene associated
with a resistance phenotype does not necessarily imply that phenotypic resistance is observed,
as this can also depend on the nature and level of expression of these genes (Hughes and
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Andersson, 2017). With regard to genotypic detection of biocide resistance, the challenge is
that not many genes are currently known to be associated with biocide resistance. Therefore,
it is not possible to search for these unknown genotypic resistance traits. The most common
molecular technique for detecting DNA sequences associated with resistance is PCR
(polymerase chain reaction) (Zou et al., 2014; Wassenaar et al., 2015; Conceição et al., 2016;
Deus et al., 2017). In some cases, however, genotype and phenotype correlate and the
presence of certain genes could be associated with reduced biocide susceptibility.
Nevertheless, in many cases, further studies are necessary to fully clarify the association of
these genes with a change in phenotypic biocide susceptibility (Kernberger-Fischer et al.,
2018; Worthing et al., 2018). The presence of some plasmids in bacteria is linked with
decreased susceptibility to various biocides like CHX, QACs, and triclosan (McDonnell and
Russell, 1999). Multidrug efflux pumps encoded by qac genes, which are mainly proteins of
the Major Facilitator Superfamily and the Small Multidrug Resistance family (SMR)
(Wassenaar et al., 2015), have been associated with increased biocide MICs and been
frequently reported for methicillin-resistant S. aureus (MRSA) (McDonnell and Russell, 1999).
A study on MRSA isolates from primates in the United States found five isolates with elevated
MICs (0.0004 %) for BAC that carried the qacC gene, whereas the isolates that did not harbor
the qacC gene had BAC MICs of 0.0001 % (Roberts et al., 2018). There have been reports on
genes mediating tolerance to biocides in E. coli, for example to QACs via increased efflux
through the qacF and sugE genes, among others (Bay et al., 2008; Zou et al., 2014). Some of
the genes linked to decreased biocide susceptibility are localized on large conjugative
plasmids which increases the risk of co-selection and spread of those properties (Rensing and
Grass, 2003; Bay et al., 2008). Deus and colleagues found biocide tolerance mediating genes,
such as qacF, qacE∆1, qacH and sugE(p), in extended-spectrum β-lactamase-producing
(ESBL) E. coli isolates of human and avian origin, with several of them being located on large
plasmids (< 20 kb) which might facilitate the spread of them among Enterobacteriaceae (Deus
et al., 2017). In 2012, Ciusa and co-workers found a novel resistance mechanism in human
clinical isolates of S. aureus involving an additional fabI allele derived from Staphylococcus
haemolyticus (sh-fabI) which they linked to positive selection by triclosan (Ciusa et al., 2012).
Although useful, genotypic approaches to determine biocide susceptibility cannot
always correctly determine the phenotype present and genotype and phenotype do not always
correlate in terms of biocide susceptibility.

3.3

Comparison of two methods for cell count determination
The comparison of two methods for cell count determination was intended to analyze

them in terms of their results and their practicability during routine use (Publication II). Cell
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counts refer to the inoculum density, which is an important parameter for many experiments
performed with bacteria including AST, BST and BET. The proper inoculum density is usually
confirmed using the number of CFUs via plate count tests. The DVG describes a method for
cell count determination during BET (DVG, 2017). The CLSI provides a method for cell count
determination during AST (CLSI, 2018c). These methods differ in their dilution steps and the
plating volume of the bacterial suspension, which is spread on agar plates and from which the
grown colonies are counted after incubation. The DVG cell count method requires the plating
of 1,000 µL of two dilution steps (which requires six and seven dilution steps made up in a tenfold dilution series), whereas with the CLSI cell counting method, an aliquot of 100 µL of one
dilution step is plated (which requires only three dilution steps).
The procedure for determining CFUs via plate counting is quite time consuming
(Hazan et al., 2012), but inexpensive and does not require additional reagents (Beal et al.,
2020). Under ideal test conditions, the number of colonies present on an agar plate would
equal the number of bacterial cells present in the sample. However, under real conditions,
some individual bacterial cells may be so close or attached to each other that they form only
one common colony and therefore clumps of bacteria are miscounted as a single colony
(Jansson and Prosser, 1997; Auty et al., 2001; Ou et al., 2017). Thus, under the real, non-ideal
conditions, the number of colonies is less than the number of individual bacterial cells
contained in the sample. Therefore, the results are given as CFU/mL and not as bacteria/mL
(Hazan et al., 2012). As there are fewer colonies to count, there is a preference to analyze
only high dilutions of the original culture, but unfortunately, at low counts, minor counting errors
have a considerable effect on the calculated concentration (Brugger et al., 2012). However,
counting plates with many CFUs is also prone to errors, as it requires a high degree of attention
on the part of the operator and is time-consuming (Brugger et al., 2012). In addition, a high
number of CFUs on a plate can lead to incorrect results due to bacterial overcrowding (Breed
and Dotterrer, 1916). Besides, CFU determination is a rather slow approach to quantify
bacteria due to the fact that most microorganisms require at least 12 hours to form visible
colonies and results are usually available only after one to three days (Hazan et al., 2012). As
Jansson and Prosser pointed out, plate counting also does not detect dormant organisms or
those with a lag time exceeding the incubation time and colony formation may be constrained
by antagonistic interactions with neighboring colonies or by competition for nutrients, leading
to underestimation of counts (Jansson and Prosser, 1997). DVG guidelines require an initial
reading of the plates after 20-24 h and a final count after another incubation period of 20-24 h
(DVG, 2017). CLSI requires that colonies be counted "after incubation" (CLSI, 2018c), which
can be correlated with the incubation times used for the respective bacterial species tested. In
this study, plates were counted after 24 h because the bacterial species tested were well
counted after 24 h, with no relevant changes in colony numbers after another 24 h incubation.
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Overall, although CFU determination via plate counting may be time and material
intensive, it provides an appropriate estimate of the number of viable bacterial cells despite the
possibility of miscounts, does not require highly specialized equipment and is therefore widely
used and highly suitable for use in the context of susceptibility tests. In addition, counting
colonies on agar plates can be facilitated by the use of colony counters, which can recognize
the pressure of marking of the colonies on the plates with a pen.

3.3.1

Correlation of the results from the two methods for cell count determination
Deviations of the DVG and CLSI methods for cell count determinations of the same

inoculum suspension were compared using 95 % Bland-Altman limits of agreement (AL) based
on the agreement between two quantitative measurements by examining the mean difference,
constructing limits of agreement and estimating an agreement interval within which 95 % of
the differences of the one method compared to the other, fall (Bland and Altman, 1986;
Giavarina, 2015) (Publication II). For all tests with the four reference strains using the
inoculum preparation according to DVG, the comparative cell count determinations were
performed 28 times. They also included the parameters of the comparative investigations 1 st
or 2nd SC, and direct colony suspension method with or without the use of glass beads.
The Bland-Altman analysis indicates whether more or less CFUs were counted using
the CLSI method in comparison to the DVG method, which was used as basis during the
analysis. Overall, the deviations between the CLSI and the DVG method were within AL of [0.52 to 0.27] (log10), with the CLSI method measuring slightly lower CFUs (- 0.12 log10)
(Publication II). The Bland-Altman analysis indicates that the differences between the two
methods for cell count determination appear to be random. No influence could be observed on
the correlation of the two cell count determination methods for the parameters 1st and 2nd SC
and direct colony suspension with or without glass beads.
The Bland-Altman analysis defines limits of agreement, however the user has to make
sure that these limits are acceptable for the respective approach, which must be determined
based on objectives, such as clinical needs or biological considerations (Giavarina, 2015). This
approach and interpretation was also used in similar way by Pathak and co-workers who
investigated a novel method to rapidly and reliably quantify mycobacteria (Pathak et al., 2012).
They found good linear correlation between viable colony counts and their novel approach and
analyzed the performance of their novel method using the agreement expressed by the Bland
and Altman analysis of log(CFU) predicted by the novel method versus log(CFU) that were
observed by actual colony count (Pathak et al., 2012). The evaluation of the study, which is
similar to the present study in terms of methodological questions, interprets even larger BlandAltman Limits of agreement as acceptable, as they were satisfied with the overall level of
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agreement between the two methods with the largest AL [-0.69 to 0.57] (log10) in
Mycobacterium tuberculosis (Pathak et al., 2012). Since in the present study, the observed
deviations were within one log10 -step (i.e. a ten-fold dilution step), the results of the two
methods did not differ systematically and both methods can be equally used.

3.3.2

Correlation of optical density and number of colony forming units
The Bland-Altman analysis does not allow the more accurate method to be identified.

In order to answer this question, the method with the higher correlation of the CFUs with the
optical densities (measured with a spectrophotometer) was determined (Publication II). For
this, the correlation was evaluated according to Cohen using the Pearson correlation
coefficient between the logarithmized CFU and the measured optical density (OD) of the
inoculum suspension (Cohen, 1988).
The results were different for the four reference strains, but overall with all strains, a
higher correlation between the OD and the cell counts was seen for the CLSI method. One
reason for this finding might be due to the lower number of dilution steps used during the CLSI
method and consequently fewer sources of error. This is in accordance with a study that states
that the dilution/pipetting errors increase with higher number of dilution steps (Jennison and
Wadsworth, 1940). In contrast, using the DVG method, sampling of a larger volume is
performed and two dilution steps are considered which might lower the distribution or sampling
error in comparison to considering a smaller volume of one dilution step, like when using the
CLSI method (Jennison and Wadsworth, 1940).
The results showed a large influence of the reference strains/bacterial species on the
correlation between OD and cell counts. For S. aureus ATCC® 6538, the correlation was large
(CLSI method) to medium (DVG method). P. aeruginosa ATCC® 15442 showed a large (CLSI
method) to moderate (DVG method) correlation. Whereas for E. hirae ATCC® 10541, a
moderate correlation was seen for the CLSI method, but no correlation was recorded for the
DVG method. In addition, for E. coli ATCC® 10536 the correlation was between small and nonexistent for both methods.
When using different measurement methods, some variation is to be expected (i.e.
the correlation may range within the threshold of ± 0.1 (Cohen, 1988)). With the results for E.
coli ATCC® 10536, that yielded values of 0.143 (CLSI) and -0.122 (DVG), there was a negative
correlation between optical densities and cell counts higher than the threshold described by
Cohen. The negative value is most likely an artefact, as there is no rationale for this, since
biologically no negative correlation between optical densities and cell counts is possible.
Previous studies with E. coli have indicated that high variability in CFU counts may occur
(Jarvis et al., 2007; Beal et al., 2020). When preparing bacterial suspensions, clumping or
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forming of aggregates of the bacteria may occur which might lead to lower correlations due to
the fact that one colony might be formed by more than one bacterial cell and therefore, does
not represent the actual number of bacteria present (Jansson and Prosser, 1997; Auty et al.,
2001; Ou et al., 2017). This is in accordance with the findings of Jennison (Jennison, 1937),
who found clumping as a possible explanation for the lower correlation between plate count
and total counts by microscopy. As we prepared the bacterial suspensions of E. coli ATCC®
10536, clumping or formation of bacterial aggregates was visible which might be an
explanation of the comparatively low correlation.
The analysis of the correlation between OD and cell count was only performed over
a small range of OD values (OD620nm 0.26-0.37), which results in lower correlations than when
observed over a larger range. This is because the variations caused by the measurements
remain the same regardless of the OD range investigated and therefore have less influence
on the correlation when a larger OD range is tested. Francois and colleagues, for example,
studied L. monocytogenes and observed a large correlation between cell counts and OD over
a wide range of OD600nm from about 0.01 to 0.95 (Francois et al., 2005). Similarly, Zhang et al.
investigated multiple strains and found a good correlation between the optical densities and
the plate count method over the full range of the exponential growth phase (Zhang et al., 2015).
The precision of both cell counting methods, the CLSI method and the DVG method, is
sufficient and accurate enough to confirm the desired acceptable range of CFU/mL (1-10 x 108
CFU/mL), even though there were higher correlations of CFU/mL with optical density in the
CLSI method. Therefore, both methods of cell counting are applicable. The recommendation
is to use the CLSI method because it is less complex and less time-consuming.

3.4

Further requirements and outlook
As described in chapter 1.1.3, resistance to biocides is a relative term and, unlike

AST, for BST there is currently a lack of quality control ranges and interpretative criteria, which
limit the utility.

3.4.1

Quality control ranges
Besides difficulties in interpreting the results, there are also possible complications in

conducting the tests. As several parameters (e.g. reagents, equipment, and personnel) can
influence the test results, it is crucial to perform quality control (QC) tests.
QC ranges for QC strains with known susceptibility to the antimicrobial agents tested
are standard practice and well established for AST. QC ranges are essential in order to ensure
day-to-day and interlaboratory test performance and reliable test results (Schwarz et al., 2010;
Watts JL, 2018). These QC strains are tested in parallel with the isolates which are the subject
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of the test, and if the QC strains are not within their acceptable range, the test must be repeated
and further troubleshooting initiated if necessary (Wiegand et al., 2008; CLSI, 2018c; Watts
JL, 2018). The CLSI published QC ranges for several distinct QC reference strains and
antimicrobial agents for broth microdilution and agar disk diffusion and recommendations how
they must be regularly applied in routine diagnostics (CLSI, 2018c; CLSI, 2018b; CLSI, 2020).
Similarly, approved QC ranges are likewise necessary and crucial for BST and need
to be established. Therefore, interlaboratory trials are necessary to establish QC ranges for
reference strain-biocide combinations in order to validate the test results.

3.4.2

Interpretive criteria
So far, there are no interpretive criteria for the results of the susceptibility tests, such

as clinical breakpoints or epidemiological cut-off values and there is no organization that sets
breakpoints for biocide susceptibility testing.
As the use of biocides differs significantly from that of antimicrobial agents (for
example, used not within an organism but on surfaces of objects), most parameters for
interpretation of test results for antimicrobial agents are not necessarily applicable to biocides
(Feßler et al., 2018). The fact that the BST results are read after 24 h exposure of the bacteria
to the biocide (Publication I) does not reflect the conditions of application, where usually only
very short exposure times are the general rule (Kramer et al., 2008; Cerf et al., 2010; Condell
et al., 2012). The determination of MIC values in vitro for a biocide does not determine its
bactericidal activity or efficacy for in-use applications, MIC values determined in vitro must
therefore be correlated with the bactericidal activity of the concentration used and the contact
time (Feßler et al., 2018).
Epidemiological cut-off values (ECOFFs) are defined on the basis of the normal
distribution of MIC values in a given bacterial species. All isolates which have MIC values
within this range are considered as “wild-type”, and those presenting MICs above these values
are considered as “non-wild type” (EUCAST, 2011). ECOFFs are determined by mathematical
calculation and do not consider clinical aspects. "Non-wild type" isolates usually show acquired
resistance mechanisms. The fact that an isolate is “non-wild type” or resistant to a biocide
based on ECOFFs does not prove resistance in clinical applications (Russell, 2003).
Since interpretive criteria for the definition of biocide resistance currently do not exist,
epidemiological data on biocide resistance is limited (Morrissey et al., 2014). For this purpose,
larger collections of isolates of the respective species must be tested with a validated method
and the MIC distributions evaluated. A number of ECOFFs has been proposed by Morrissey
and colleagues for isolates of different bacterial species (S. aureus, Salmonella spp., E. coli,
Candida albicans, K. pneumoniae, Enterobacter spp., Enterococcus faecium and
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Enterococcus faecalis) to the biocides CHX, BAC, triclosan and sodium hypochlorite, based
on the analysis of 3319 clinical isolates and their MIC values (Morrissey et al., 2014).
The broth mircodilution method recommended in this study has already been used in
a study to characterize 19 borderline oxacillin-resistant S. aureus (BORSA) isolates from an
equine clinic for the biocides BAC, GLU, and CHX (Scholtzek et al., 2019). S. aureus ATCC®
6538 was tested in parallel to see if the results were reproducible. The MICs of the clinical
isolates varied between two to three dilution steps and were similar to those of the reference
strain S. aureus ATCC® 6538 (MICs of 0.00006 - 0.0005 % for BAC, 0.125 - 0.5 % for GLU,
and 0.00006 - 0.00025 % for CHX). (Scholtzek et al., 2019). Studies like this provide valuable
information on the biocide susceptibility of field isolates.
Thus, further studies using the broth microdilution method recommended in this study
are needed to provide an overview of the biocide susceptibility of bacterial isolates of human
and veterinary pathogens and to establish interpretive criteria.

3.5

Concluding remarks
Biocides are a key tool for controlling the spread of bacterial pathogens, and

screening bacterial isolates for reduced biocide susceptibility is becoming increasingly
important. It is crucial to perform studies that focus on the biocide susceptibility of individual
strains to monitor susceptibility profiles rather than focusing solely on the efficacy of a biocidal
product. To date, studies addressing biocide susceptibility have often differed in methodology,
making it difficult to compare results. The proposed method was developed for screening field
isolates in routine diagnostics and surveillance studies to detect reduced susceptibility early.
In the development of the broth microdilution method for BST and the comparison of
the methods for cell count determination in this study, the influence of different approaches
and different parameters of existing methods for BET and AST were thoroughly investigated.
As a result of the comparative studies, the following protocol is suggested: use of a
fresh overnight culture (1st or 2nd SC), inoculum suspension via direct colony suspension
method with or without glass beads, inoculum density according to DVG or CLSI and reading
the results after incubation at 37 °C for 24 h. Both methods for cell count determination can be
used as there were only minor differences between them, but since the CLSI method is less
complex and less time consuming, this method is recommended.
The proposed broth microdilution method for BST and the proposed method for cell
count determination are easy to perform and provide stable results, which can facilitate and
harmonize BST of bacterial isolates.
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Development of a broth microdilution method for biocide susceptibility testing of
bacteria
Biocides are important for the control of bacterial pathogens in many settings. There
are numerous reports of biocide-resistant bacteria, and biocides may also contribute to the
development and spread of bacterial pathogens that are cross-resistant to biocides and
antimicrobial agents simultaneously. Hence, there is an urgent need to monitor and observe
the emergence and extent of biocide resistance for which standardized methods that provide
reproducible and comparable information are necessary. A suitable method shall facilitate
high-throughput screening, be easy to use, and at the same time provide highly accurate
results. This includes not only the test method itself, but also a method for verifying that the
correct inoculum density is maintained, which is an important test parameter.
The objective of this study was to develop a broth microdilution protocol for biocide
susceptibility testing (BST) and to investigate whether cell counting during BST can be
simplified without reducing the quality of the results.
To develop the BST protocol, multiple parameters were investigated to determine the
minimal inhibitory

concentrations (MICs) for benzalkonium

chloride,

chlorhexidine,

glutardialdehyde (2-fold dilution series) and isopropanol (2 %-steps) by broth microdilution
using seven independent tests. The reference strains Staphylococcus aureus ATCC® 6538,
Enterococcus hirae ATCC® 10541, Escherichia coli ATCC® 10536 and Pseudomonas
aeruginosa ATCC® 15442 were used with tryptic soy broth as test medium. The microtitre
plates contained a final volume of 200 µL/well. Comparative studies were made because
existing methods for biocide efficacy testing and antimicrobial susceptibility testing use
different parameters. In order to develop an appropriate BST method, the influence of these
different parameters was thoroughly investigated. The comparative investigations included the
following parameters: (i) the use of different subcultures (1st or 2nd subculture, SC), (ii) different
ways to prepare the inoculum (direct colony suspension method with or without the use of
glass beads), (iii) different inoculum densities, either according to DVG (Deutsche
Veterinärmedizinische Gesellschaft e.V., German Veterinary Medical Society) or according to
the CLSI (Clinical and Laboratory Standards Institute), and (iv) reading the results after three
different incubation times (24 h, 48 h and 72 h) at 37 °C in ambient air. For each strain/biocide
combination, 168 MICs were determined. Overall, most results were within ± one dilution step
from the most common value, which was defined as the acceptable range. The results of the
comparative investigations were evaluated for their stability by calculating deviations from the
acceptable range. Based on these results, the following protocol is proposed: use of a fresh
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overnight culture (1st or 2nd SC), inoculum suspension via direct colony suspension method
with or without glass beads, inoculum preparation according to DVG or CLSI and incubation
at 37 °C for 24 h.
Methods to determine the inoculum density commonly refer to cell counts and have
been described for biocide efficacy testing according to DVG and for antimicrobial susceptibility
testing according to CLSI. To comparatively investigate the two methods for cell count
determination, each of the four reference strains was comparatively tested 28 times using the
inoculum preparation according to DVG and CLSI. The results were statistically analyzed using
Bland-Altman plots and 95 % limits of agreement and cell counts were correlated with the
optical density of the bacterial suspensions used. The variations observed between the two
methods were within one log10 step and the measured number of colony forming units did not
differ systematically. Therefore, both methods proved to be suitable for cell count
determination. The CLSI method is preferred as it has less dilution steps.
The proposed broth microdilution method for BST and the proposed method for cell count
determination are easy to perform and provide stable results, which can facilitate BST of
bacterial isolates and thus, represent a step towards harmonization.
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Entwicklung

einer

Bouillon-Mikrodilutionsmethode

für

die

Biozid-

Empfindlichkeitsprüfung von Bakterien
Biozide sind für die Kontrolle bakterieller Krankheitserreger in vielen Bereichen wichtig.
Es gibt zahlreiche Berichte über biozidresistente Bakterien und zudem können Biozide auch
zur Entwicklung und Verbreitung von bakteriellen Krankheitserregern beitragen, die
gleichzeitig gegen Biozide und antimikrobielle Wirkstoffe kreuzresistent sind. Es besteht daher
die dringende Notwendigkeit, die Entstehung und das Ausmaß von Biozidresistenzen zu
überwachen. Dafür sind standardisierte Methoden erforderlich, die reproduzierbare und
vergleichbare Informationen liefern. Eine dazu geeignete Methode muss ein HochdurchsatzScreening ermöglichen, einfach anzuwenden sein und gleichzeitig sehr präzise Ergebnisse
liefern. Hierbei ist nicht nur die Testmethode selbst zu berücksichtigen, sondern auch ein
Verfahren zur Überprüfung der korrekten Inokulumdichte, die einen wichtigen Testparameter
darstellt.
Das Ziel dieser Studie war es, eine Bouillon-Mikrodilutionsmethode für die BiozidEmpfindlichkeitsprüfung zu entwickeln und zu untersuchen, ob die Bestimmung der
Inokulumdichte während der Biozid-Empfindlichkeitsprüfung vereinfacht werden kann, ohne
die Qualität der Ergebnisse zu beeinträchtigen.
Zur Entwicklung der Bouillon-Mikrodilutionsmethode wurden mehrere Parameter
untersucht, um die minimalen Hemmkonzentrationen (MHKs) für Benzalkoniumchlorid,
Chlorhexidin, Glutardialdehyd (2-fache Verdünnungsreihe) und Isopropanol (2 %-Schritte)
mittels

Bouillon-Mikrodilution

in

sieben

unabhängigen

Tests

zu

bestimmen.

Die

Referenzstämme Staphylococcus aureus ATCC® 6538, Enterococcus hirae ATCC® 10541,
Escherichia coli ATCC® 10536 und Pseudomonas aeruginosa ATCC® 15442 wurden mit
Trypton-Soja-Bouillon als Testmedium untersucht. Die Mikrotiterplatten enthielten ein
Endvolumen von 200 µL/Vertiefung. Es wurden vergleichende Studien durchgeführt, da
bestehende

Methoden

für

Biozid-Wirksamkeitstests

und

antimikrobielle

Empfindlichkeitsprüfungen unterschiedliche Parameter verwenden. Um eine geeignete
Bouillon-Mikrodilutionsmethode für die Biozid-Empfindlichkeitsprüfung zu entwickeln, wurde
der Einfluss dieser verschiedenen Parameter eingehend untersucht. Die vergleichenden
Untersuchungen umfassten die folgenden Parameter: (i) die Verwendung unterschiedlicher
Subkulturen (1. oder 2. Subkultur, SK), (ii) unterschiedliche Arten der Inokulumsuspension
(direkte Kolonie-Suspensionsmethode mit oder ohne Verwendung von Glasperlen), (iii)
unterschiedliche Inokulumdichten, entweder gemäß DVG (Deutsche Veterinärmedizinische
Gesellschaft e.V.) oder gemäß CLSI (Clinical and Laboratory Standards Institute) und (iv)
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Ablesen der Ergebnisse nach aerober Bebrütung bei 37 °C und drei verschiedenen
Inkubationszeiten (24 h, 48 h und 72 h). Für jede Stamm-Biozid-Kombination wurden 168
MHK-Werte bestimmt. Insgesamt lagen die meisten Ergebnisse innerhalb ± einer
Verdünnungsstufe vom am häufigsten gemessenen Wert, was als akzeptabler Bereich
definiert wurde. Die Ergebnisse der vergleichenden Untersuchungen wurden auf ihre Stabilität
hin bewertet, indem die Abweichungen vom akzeptablen Bereich berechnet wurden.
Basierend auf den Ergebnissen wird folgendes Protokoll vorgeschlagen: Verwendung einer
frischen Übernacht-Kultur (1. oder 2. SK), Herstellung der Inokulumsuspension über die
direkte Kolonie-Suspensionsmethode mit oder ohne Glasperlen, Inokulumdichte gemäß DVG
oder CLSI und Inkubation bei 37 °C für 24 h.
Methoden zur Bestimmung der Inokulumdichte beziehen sich üblicherweise auf
Zellzahlen und wurden für die Biozid-Wirksamkeitsprüfung durch die DVG und für die
antimikrobielle Empfindlichkeitsprüfung durch das CLSI beschrieben. Um die beiden
Methoden zur Zellzahlbestimmung vergleichend zu untersuchen, wurde jeder der vier
Referenzstämme 28-mal mit der Inokulumpräparation nach DVG und CLSI vergleichend
getestet.

Die

Ergebnisse

wurden mit

Hilfe

von

Bland-Altman-Plots

und

95 %-

Übereinstimmungsgrenzen statistisch ausgewertet und die Zellzahlen mit der optischen Dichte
der verwendeten Bakteriensuspensionen korreliert. Die beobachteten Abweichungen
zwischen den beiden Methoden lagen innerhalb eines log10-Schrittes und die gemessene
Anzahl der koloniebildenden Einheiten unterschied sich nicht systematisch. Daher erwiesen
sich beide Methoden als geeignet für die Zellzahlbestimmung. Die CLSI-Methode ist zu
empfehlen, da sie weniger Verdünnungsschritte erfordert.
Die

vorgeschlagene

Bouillon-Mikrodilutionsmethode

für

die

Biozid-

Empfindlichkeitsprüfung und die vorgeschlagene Methode für die Bestimmung der Zellzahl
sind

einfach

durchzuführen

und

liefern

stabile

Ergebnisse,

was

die

Biozid-

Empfindlichkeitsprüfung von Bakterienisolaten erleichtern kann und somit einen Schritt in
Richtung Harmonisierung darstellt.
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