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Abstract

Disinfectants are very important for the maintenance of proper hygiene in the food industry.
In Europe, candidate disinfectants have to be tested on suspended bacteria in so called
suspension tests, before they can be approved as disinfectants. In the food industry bacteria
usually are attached 1o surfaces, where they may form biofilms. This mode of growth makes
them less susceptible to disinfectants than free-living (suspended) bacteria. Thus, disinfectant
testing would greatly profit from a biofilm disinfectant test. The aim of the research described
in this thesis was to improve the current European disinfectant tests. To achieve this goal we
studied factors that influence the efficacy of disinfectants and alternatives for viability
assessment by plate counting, Furthermore, we developed a biofilm disinfectant test.

The bacteria used in this study were the biofilm forming pathogens Listeria
monocytogenes and Staphylococcus aureus. The disinfectants were benzalkonium chloride
(BACQ), sodinm hypochlorite (NaOCl), hydrogen peroxide, and dodecylbenzene sulphonic
acid.

The growth phase of cells grown in suspension had a large influence on their
susceptibility to disinfectants. S. aureus cells grown according to the prescription of the
European suspension test were phenotypically not the most disinfectant resistant cells of all
the cell types tested. Thus, in suspension tests, cells that are grown differently and have a
higher phenotypic resistance than the cells currently used for disinfectant testing could be
used.

Fluorescent labeling could be used as a rapid alternative for viability assessment by
plate counting, for both free-living cells and biofilm cells, provided the proper fluorescent
probes were selected. Thus, for rapid screening of candidate disinfectants, fluorescent probes
in combination with flow cytometry may be used instead of plate counting.

In the biofilm disinfectant test, S. aureus biofilm formation and biofilm disinfection
by BAC and NaOC] were reproducible and a genuine biofilm was produced. To improve
disinfectant testing in general, the biofilm disinfectant test developed in this thesis can be
added to the set of tests that are used currently. The biofilm test will show which currently
used or new disinfectants are the most effective against biofilm cells. In the end, this will
contribute to food safety and food quality and the control of cleaning costs in the food
industry.
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General introduction

Every vear foodborne diseases cause millions of ilinesses worldwide [49, 134, 171]. The
symptoms include diarthea, nausea, vomiting and fever. In a limited number of cases there
may be severe complications and sequelae such as meningitis, septicemia, arthritis, kidney
disfunctioning and even death. It is therefore necessary to guard the microbtological quality
of our food very strictly. Bacteria are always present on and in raw foods. Historically,
numerous processing techniques have been developed to kill, inactivate or prevent further
growth of pathogenic and spoilage bacteria. These techniques include cooking,
pasteurization, salting and fermentation. New techniques such as pulsed electric field (PEF),
high pressure treatment and modified atmosphere packaging are currently being developed
and introduced [5, 6, 98, 151]. However, when the bacteria from the raw food have been
killed or inactivated food can still be recontaminated with bacteria. Thus, everything that
comes into contact with food should be free of bacteria or have a level of contamination that
is not harmful. This applies to all food contact surfaces and processing equipment in the food
industry. Therefore, these surfaces have to be cleaned and disinfected on a regular basis to
prevent accumulation of pathogenic and spoilage organisms. Significant problems are posed
by bacteria that can form biofilms on these surfaces, since biofilm cells are difficult to
remove and are more resistant to disinfection than free-living bacteria [50, 181]. Disinfectants
are traditionally tested on cells in suspension (free-floating or planktonic cells) [9, 10]. Thus,
disinfectant testing would greatly profit from the inclusion of a biofilm disinfectant test.

The literature survey below gives an introduction to biofilms, the hurman pathogenic
bacteria used in this thesis: Staphylococcus aureus and Listeria monocytogenes which are
both known biofilm formers, an overview of disinfectants and how they are tested and an
overview of fluorescent techniques that can be used as an alternative for the classical plating
assays used for viability testing after exposure to disinfectants.

BIOFILMS

A biofilm is a slime layer with microorganisms, or to be more exact a community of
microorganisms embedded in an organic polymer matrix, adhering to a surface [41].
Examples of places were biofils can be found are as diverse as teeth, ship hulls, prosthetic
implants, (drinking} water systems (see Fig. 1.1} and food contact surfaces [20, 41,91, 112,
129, 189]. In short, biofilms can be found in all places were the following requirements are
met: presence of a surface, nutrients, moisture, a suitable temperature and microorganisms.
Temperature amongst others influences which microorganisms will form a biofilm, as was
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Figure 1.1 Example of biofilm formation in an industrial water system.

shown by Langeveld ez al. [113]. Above mentioned examples are all places were biofilm
formation is detrimental. In those places biofilms cause energy losses and deterioration or
create health risks [112, 129, 189], However, biofilms can also be useful, for instance in the
human gut and when they are used for wastewater treatment, biorerediation or the
production of vinegar and ethanol [91, 112].

The formation of a biofilm can be divided into several steps: Approach of planktonic
cells to the (preconditioned) surface, reversible attachment, irreversible attachment,
microcolony formation, biofilm formation with production of extracellnlar polymeric
substances and finally detachment of cells [112]. This sequence of events is mostly based on
research of biofilms formed by Gram-negative bacteria, the most studied biofilin formers.
Fig. 1.2. is a diagrammatic representation of a biofilm based on studies with Gram-negatives.

It is generally recognized that cells in biofilms are more resistant to disinfectants
compared to their planktonic counterparts [37, 112]. There are several causes for the
increased resistance of biofilm cells: (i) the extracellular material of the biofilm excludes or
influences the access of the disinfectant, (ii) the outer layers of the biofilm may react with
and quench the disinfectant, (iii) attachinent changes the physiology of the bacteria, (iv)
limited availability of key nutrients within the biofilm results in alteration of the physiology
of the bacteria and induction of stress response [37, 112], (v) the high cell density in the
biofilm results in expression of different phenotypes [56]. All of these parameters have been
shown to be applicable to biofilms, but not all for the same biofilm or for a specific
antimicrobial [15, 37, 56, 62, 84]. It has been suggested that the structure of the biofilm can
moderate the delivery of an antimicrobial agent to cells within the biofilm which may give
the cells time to adopt a physiologically protective set of changes against the antimicrobial
agent [112, 168]. In recent years research has focussed on the last three of the five above-
mentioned parameters.
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Figure 1.2 Diagrammatic representation of a microbial biofilm showing the organization of this
adherent population, in terms of microcolonies and water channels, and the convective flow within
these channels. Taken from Costerton ef al. [50].

To study biofilms, well-defined setup- and biofilm formation-protocols are needed.
Several methods have been described for growing laboratory biofilms, A simple method that
is suggested to vield biofilms is to spread a cell suspension on coupons and let them dry [29].
However, this approach only allows attachment of cells to a surface, but does not allow them
to grow on the surface to form a real biofilm. Another method is to place coupons in
inoculated medium and replace the medium several times, or to use inoculated mediurn for
development of biofilms on the surface of microtiter plate wells or Erlenmeyer flasks (batch
systems) [24, 46]. A disadvantage of these methods is that the cells will be very loosely
attached to the surface. An interesting method is to trap planktonic cells in a poloxamer-
hydrogel that is liquid at temperatures below 15 °C and solid at temperatures above 15 °C
[82]. The advantage of this method is that viability of cells can be easily analyzed. The
disadvantage is that the cells do not have the biofilm physiology. Another method is to apply
cells on a filter and place this on solid medium [180] or perfuse the filter with liquid medium
{76]. These bicfilms are different from natural biofilms on inert surfaces because the cells
receive their nutrients from the side of the surface and not from the side of the air or bulk
liquid like normal. The methods that come closest to biofilms in practice are the ones that are
formed in special reactors that apply a certain shear force on the biofilm cells while they are
growing (continuous systems). Examples of this kind of reactors are the Robbins device [2], a
chemostat with coupons in it [191], the constant depth film fermenter [177] and the culture
container that is used in Chapter 5 of this thesis [124].

Biofilm formation can be detected in several ways. The presence of a biofilm can be
indirectly monitored with a Malthus microbiological growth analyzer (based on changes in
conductance) [71] or by detection of cell metabolites or cell constituents such as ATP,
proteins or exopolysaccharides [81, 88, 186]. Direct monitoring can be done by removal of
biofilm cells from the surface by swabbing, vortexing with glass beads, scraping or by
sonication and further analysis by plating or possibly flow cytometry [41, 88, 124]. Intact
biofilms can be analyzed with phase contrast microscopy, electron microscopy, confocal laser
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Figure 1.3 Schematic representation of cell invasion by L. monocytogenes.

scanning microscopy, fluorescence microscopy (autofluorescent cells, green fluorescent
protein or fluorescently labeled cells), direct viable count or radio-active labeling of cells {50,
87, 88, 89, 94, 132, 167, 186, 190].

LISTERIA MONOCYTOGENES

L. monocytogenes is a Gram-positive non-sporeforming facultatively anaerobic rod, motile by
means of flagella. Listeria was named after Lord Lister, an English surgeon. Monocytogenes
means monocyte (blood cell) producing. This refers to the ability of L. monocytogenes to
infect blood cells (see Fig. 1.3) [160]. Some studies suggest that 1-10 % of humans may be
intestinal carriers of L. monocytogenes. The bacterium has been found in mammals, birds and
in some species of fish and shellfish. It can be isolated from soil, silage and other
environmental sources and in food processing plants [117, 143, 144]. L. monocytogenes is
quite hardy and resists the deleterious effects of freezing, drying and heat remarkably well for
a bacterium that does not form spores. L. monocytogenes has been associated with such foods
as raw milk, supposedly pasteurized milk, cheeses, ice cream, raw vegetables, fermented raw-
meat sausages, raw and cooked poultry, raw meats and raw and smoked fish. Its ability to
grow at temperatures as low as 0 °C permits multiplication in refrigerated foods [12, 68, 69,
97, 160].

L. monocytogenes causes listeriosis, which manifests itself in septicemia, meningitis,
encephalitis and intrauterine or cervical infections in pregnant women, which may result in
spontaneous abortion or stillbirth. The onset of these disorders is usually preceded by
influenza-like symptoms including persistent fever. Gastrointestinal symptoms may precede
the more serious forms or may be the only symptoms expressed. Overall mortality for
listerfosis may be as high as 23 % [162]. The main target populations for listeriosis are
pregnant women, immunocompromised people, the elderly and sometimes healthy
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individuals, particularly when food is heavily contaminated with the organism, The infective
dose of L. monocytogenes is believed to vary with the strain and susceptibility of the victim.
From cases contracted through milk it has been concluded that in snsceptible persons fewer
than 1,000 total organisms may cause disease [12, 68, 69, 97, 160].

L. monocytogenes can form biofilms on surfaces of materials that are present in the
food industry, such as stainless steel, glass, cast iron and plastic [27, 74, 101, 111, 121, 130,
143, 159, 166]. Its biofilm formation has been mostly studied in batch systems [27, 74, 101,
111, 121, 130, 143, 159, 166]. Inhibition or enhancement of L. monocytogenes growth in
mixed species biofilms has also been studied [117, 118, 144]. L. monocytogenes biofilm cells
are more resistant to guats, acid anionics, hypochlorite, iodine, peroxyacetic acid and phenol
[75, 121]. Despite the multitude of studies on L. monocytogenes biofilms, only few have
focused on the genetic basis of attachment and biofitm formation by this foodborme pathogen,
With the help of a flagellin mutant it was shown that flagella facilitate the early stage of
attachment of L. monocytogenes to stainless steel [173].

STAPHYLOCOCCUS AUREUS

8. aureus is a Gram-positive, non-sporeforming facultatively anaerabic spherical bacterium.
The word ‘staphylococcus’ is derived from ‘staphyle’ which is Greek for bunch of grapes and
‘coccus’ which means grain or berry. The name refers to the grape bunch-like clusters that
are formed by §. aureus during growth and the spherical form of the bacterium (see Fig. 1.4).
‘Aureus’ means golden which refers to the yellow color of S. aureus colonies on plates [108].

Staphylococcal foed poisoning or staphyloenterotoxicosis is caused by the heat stable
enterotoxins that some §. aureus strains produce under favorable growth conditions [97]. The
Most ComMmon Symploms are nausea, vomiting, retching, abdominal cramping and
prostration. In more severe cases, headache, muscle cramping and transient changes in blood
pressure and pulse rate may occur. A toxin dose of less than 1.0 microgram in contaminated
food will produce symptoms of staphylococcal intoxication. This toxin level is reached when
S. aureus populations exceed 100,000 per gram. S. anreus is also involved in toxic shock
syndrome and is a common cause of community-acquired infections including endocarditis,
osteomylitis, septic arthritis, pneumnonia and abscesses [13, 97].

Foods that are frequently incriminated in staphylococcal food poisoning include meat
products, poultry and egg products, salads, bakery products, sandwich fillings and milk and
dairy products. Foods that require considerable handling during preparation and that are kept
at slightly elevated temperatures after preparation are frequently involved in staphylococcal
food poisoning [13, 97].

Staphylococci exist in air, dust, sewage, water, milk and food or on food equipment,
environmental surfaces, humans and animals. Humans and animals are the primary
reservoirs. Staphylococci are present in the nasal passages and throats and on the hair and
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Figure 1.4 Scanning electron microscopy image of §. aureus. Taken from Zoltai et al. [192].

skin of 50 percent or more of healthy individuals. Although food handlers are usually the
main source of food contamination in food poisoning cutbreaks, equipment and
environmental surfaces can also be sources of contamination with S. aureus [13, 24, 97].

Most studies on biofilm formation by S. aureus have been done with surfaces that are
used in the medical field. This is because §. aureus is one of the main bacteria that forms
biofilms on prosthetic devices and in this way causes infections that are very difficult to treat
with antibiotics [24]. S. aureus forms biofilms on a variety of surfaces: hydroxyapatite,
stainless steel, glass and on all kinds of plastics like polystyrene, polypropylenc and silicone
[14, 52, 81, 99, 124, 146, 152]. On most of these materials biofilms have been grown
statically in a batch system, with sometimes one to three medium refreshments [3, 53, 81,
146, 185]. Especially in genetic studies batch biofilm formation in microtiter plate wells is
very popular {14, 53, 73, 154]. In the batch systems biofilm formation varied from 5x10° to
8x10” CFU cm? after 24 to 48 h. S. aureus biofilms grown in chemostat varied from 3x10°
CFU cm’® after 4 days to 2x10° CFU cm? after 13 days [14]. 5. aureus biofilm cells are more
resistant to antibiotics [4, 14, 185], disinfectants [146] and enzymes [99]. It is speculated that
the resistance to enzymes may depend on the thickness of the biofilm [99] and resistance to
antibiotics may be due to alleration of the physiological status of the cells such as altered
membrane permeability for antibiotics, alteration of molecular targets of antibiotics,
induction of antibiotic degrading enzymes, exopolysaccharide production and slow growth
[14, 185].

Recently, some studies have focussed on the genes that are involved in 5. aureus
biofilm formation on abiotic surfaces. S. aureus biofilm formation consists of two steps:
adhesion of bacteria to a surface followed by cell-cell adhesion, which results in a multiple
layer biofilm [52]. Disruption of the ariR/arl§ locus which codes for a two-component
regulatory system or disruption of sar (staphylococcal accessory regulator) results in
increased adherence of §. aureus (first step) [73, 152]. Bap (biofilm associated protein), a S.
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aures surface protein, is involved in both steps [53]. The ica locus that encodes for the
polysaccharide intercellular adhesin (PIA) which is composed of linear B-1,6-linked
glucosaminylglycans is involved in the second step [52]. Furthermore, several studies show
that stress is involved in S. aureus biofilm formation. Osmotic stress induces biofilm
formation and ica transcription [154] and anaerobic growth stimulates PIA production [51].
Additionally, Becker et al. [24] showed that homologues to genes encoding glycolytic
enzymes and other metabolic enzymes (phospoglycerate mutase, triosephosphate isomerase
and alcohol dehydrogenase) are upregulated in biofilms; this may be correlated to oxygen
limitation under these conditions. Of two other upregulated genes in S. aureus biofibns, one
showed homology to CipC, a general stress protein, and the other to threonyl-tRNA
synthetase that is indicative of threonine starvation [24].

DISINFECTANTS

To prevent accumulation of pathogenic and spoilage organisms food contact surfaces have to
be cleaned and disinfected on a regular basis. For that purpose cleaning agents and
disinfectants are being used. A cleaning agent is used to facilitate the removal of adhering
organic material and soil. In dictionary definitions of what a disinfectant is there are five
recurring elements: it is an agent that rernoves infectious agents, kills micro-organisms, may
not kill spores, may be chemical or physical and is used on inanimate objects [28). The
British Standard Institution defines disinfection as the destruction of vegetative microbial
cells; bacterial spores are generally not affected. A disinfectant does not necessarily kill all
microorganisms, but reduces their numbers to a level acceptable for a defined purpose; for
example, a level which is neither harmful to health nor to the quality of perishable foods [29].

Disinfectant efficiency is increased when it is applied to a surface that first has been
cleaned. A wide range of disinfectants is used in the food industry. These disinfectants can be
divided in different groups: oxidizing agents such as chlorine-based compounds, hydrogen
peroxide, ozone and peracetic acid; surface active compounds such as quaternary ammoniurn
compounds and acid anionics; iodophores and enzymes [186]. The efficiency of disinfection
is influenced by interfering organic substances, pH, temperature, concentration and contact
time [186]. Desired characteristics of disinfectants are that they must be effective, safe, easy
to use and easily rinsed off surfaces leaving no toxic residues or residues that affect the
sensory properties of the product [186].

In the research described in this thesis four disinfectants were used: hypochlorite,
hydrogen peroxide, benzalkonium chloride and dodecylbenzene sulphonic acid. Hypochlorite
is a chlorine-based oxidizing agent. Its mechanisin of action is reaction with and alteration of
proteins and DNA, especially enzymes with thiol or amino groups [64, 66, 158]. Its
recommended concentrations in the food industry range from 2 mg I'' for rinse and cooling
water to 5,000 mg 1! for concrete surfaces. Hypochlorite is cheap, effective, easy to use, it
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detaches the biofilm matrix and it has a broad spectrum of activity. Disadvantages are its poor
stability, its toxicity, corrosiveness and its lack of initial adhesion control, discoloration of the
product and occurrence of rapid afiergrowth [64, 186].

Hydrogen peroxide is an oxidizing agent. Its mechanism of action is oxidation or
formation of free radicals [1, 86] which affect enzymes and proteins, DNA, membranes and
lipids resulting in damage of transport systems and receptors, difficulty in maintaining ionic
gradients over the cytoplasmic membrane, impairment of replication and (in)activation of
enzyme systems [1, 86, 158]. Hydrogen peroxide decomposes to water and oxygen, is
relatively non-toxic, can easily be used in situ, weakens the biofilm and supports biofilm
detachment. Disadvantages are that high concentrations are necessary and it is corrosive
[186].

Benzalkonium chloride (BAC) is a quaternary ammonium compound (a quat). Its
mechanism of action involves alteration of the semi-permeable properties of cell membranes,
which leads to leakage of metabolites and coenzymes and disturbance in the delicate balance
of metabolite concentrations within the cell [135]. The recommended concentrations of BAC
in the food industry range from 200 to 800 mg I'' depending on the type of surface [186). The
advantages of quats are that they are effective at non-toxic concentrations, support biofilm
detachment and prevent growth, are non-corrosive, non-irritating and have no flavor or odor.
The disadvantages are that they are inactivated by low pH, calcium salts and magnesium
salts, are relatively ineffective against Gram-negatives and microorganisms may develop
resistance against them [129, 186].

Dodecylbenzyl sulphonic acid {DSA) is an acid anionic surfactant. To DSA solutions
phosphoric acid is added to increase its performance [65] because at neutral pH DSA is
negatively charged and thus repelled by the negatively charged bacterial surface [65]. The
mechanism of action at low pH is disorganization of the cell membrane, inhibition of key
enzyme activities and interruption of cellular transport and denaturation of cellular proteins
[65, L58]. Advantages of DSA use are it has cleaning/detergent properties, it removes
particles from surfaces, it has a broad spectrum of activity, it is noncotrosive and does not
stain equipment, gives no odor, it is stable, works rapidly and has residual bacteriostatic
activity. Disadvantages are that it is only effective at low pH, it generates foam and it has a
slow activity against spores [65, 186].

DISINFECTANT TESTING

The procedure for the testing of candidate disinfectants in Europe consists of 3 phases. In
phase 1 the basic activity of the product is tested in a suspension test. Phase 2 consists of two
steps. In the first step the product is tested in a suspension test under conditions representative
of different practical uses. The second step consists of other laboratory tests e.g. handwash,
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handrub and surface tests simulating practical conditions. Phase 3 consists of field tests under
practical conditions [10].

Up till now all European tests for disinfectants used in the food, industrial, domestic
and institutional areas are suspension tests. In these bacterial suspension tests a suspension is
made from colonies grown on solid medium. The main organisms that are used for these tests
are Pseudomonas aeruginosa ATCC 15442, representative for the Gram-negative bacteria
and Staphylococcus aureus ATCC 6538 representative for the Gram-positive bacteria. The
suspended bacteria are exposed for 5 (phase 2) or 60 min (phase 1) to the candidate
disinfectant [9, 10]. Then the disinfectant is neutralized and bacterial survival is determined
by plate counting. If the candidate disinfectant reduces the concentration of viable cells by
more than 5 log units and the concentration of cells in the suspension is within a certain limit,
it is approved as a disinfectant.

However, a good disinfectant test must be able to predict the value of the disinfectant
in practice [156] and in practice cells can be found much more frequently on surfaces than in
suspension. Thus, it is questionable whether suspension test cells are really representative of
the celis found in practice. In this light a new surface test is being developed for phase 2 step
2 [29, 107]. In this surface test a suspension of cells is put on a surface and dried for one
hour. Then the disinfectant is applied, This surface tests is already a step forward compared
to the suspension tests. Still there can be some concern about the suitability of this surface
test. The cells in a surface test only attach to the surface and do not grow, whereas it is known
that attached cells that are allowed time to grow form biofilms.

Therefore, a standard biofilm test would be a very useful addition to the current tests.
Such a standard test has to meet several requirements. In the first place a disinfectant test
should be as simple as possible and not require specialized or expensive pieces of laboratory
equipment. Furthermore, the test should be repeatable and reproducible [20]. Several studies
use laboratory biofilm systems that have been designed to evaluate biocides in specific
environments, for instance the human mouth, toilet bowls, oilfield water injection systems
and cooling water or water distribution systems [63, 150]. Recently, a few studies have
focused on a general test for disinfectant testing or, more general, biocide susceptibility
testing. Gilbert er al, [79] use a batch system, a 96 well microtiter plate, for their test. They
do not describe the reproducibility of biofilm formation in this system. Ceri et al. [42] use a
shaking batch system, the MBEC assay system that consists of a 96 well microtiter plate with
in each well a peg (on which the biofilm is formed) attached to a second plate. The
reproducibility of biofilm formation in this system is good, but the reproducibility of
disinfection is not mentioned. Willcock et al. [183] use a concentric cylinder reactor with
variable nutrient flow and variable shear stress to evaluate cleaning in place strategies. They
do not describe the reproducibility of biofilm formation in this system. Zelver et al. [191] use
a rotating disk reactor, which is a chemostat with a rotating disk that contains removable
disks at the bottom. They show that disinfection of their biofilms with hypochlorite gives
reproducible results. However, their reactor contains only six disks, which is a very low
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number, especially if several disinfectants have to be tested on the same batch of biofilms.
All of the systems described above, except perhaps the rotating disk reactor and the
concentric cylinder reactor, are relatively simple and do not require very specialized or
expensive pieces of laboratory equipment.

FLUORESCENCE TECHNIQUES

The traditional method to determine viability of bacteria, also in disinfectant testing, is plate
counting. This method is based on the reproductive capacity of cells. However, this method
has some disadvantages. The plate count technique requires long incubation times (2 days).
Furthermore, for viability assessment of attached or biofilm cells, the cells have to be

removed from the surface for analysis. Additionally, several studies report that cells are
metabolically active and potentially able to cause disease [30] while they are incapable of the
cellular division required to form a colony on a plate. This is also known as a viable but non
culturable (VBNC) state [32, 48, 102, 120] or better: an active but non culturable state {ANC)
[200]. In the case of disinfectants this may lead to the overestimation of the efficacy of the
disinfectant.

An alternative method to determine viability is labeling with fluorescent probes.
These probes indicate if a cell possesses other physiological characteristics required for a cell
to be viable, such as membrane integrity, enzyme activity and energy production [34, 100].
Fluorescent probes can be used directly to assess viability of attached cells when their use is
combined with fluorescence microscopy (thin layers) [40, 130, 131, 190] or confocal
scanning laser microscopy (thick layers) [30, 83, 133, 177]. Fluorescent labeling can also be
combined with flow cytometry (FCM). In this way viability assessment can be done in 0.5 to
2 hours. FCM is a technique for individual cell analysis and it has been applied earlier to
analyze heterogeneous populations such as starved cells [179] and attached cells [184] and
may be used for biofilm cell analysis. Fluorescent labeling is influenced by the growth phase
of bacteria [31, 32, 48, 96, 163, 169, 184]. As cells in biofilms face nutrient gradients [26, 57,
188] and are therefore in different growth phases or have differing growth rates [167, 188] it
is recornmended to first test the suitability of fluorescent probes for viability assessment of
free-living cells in different growth phases after exposure to disinfectants.

Several categories of fluorescent probes are used for detection and viability
assessment of micro-organisms {22, 33, 34, 100, 141]. Membrane potential probes are
compounds such as rhodamine 123, oxonol and carboxycyanine dyes. Some of these probes
can be extruded actively out of the cell and loss of membrane potential does not necessarily
indicate cell death {34, 140]. pH probes, for instance (carboxy)fleorescein,
carboxyfluorescein succinimidyl ester (CFSE), BCECF, calcein, SNARF-1 and pyranine are
used to determine the internal pH of micro-organisms. Maintenance of a pH gradient (i.e.
pHin higher than pH,,,) is indicative of cellular activity and membrane integrity.
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General introduction

Disacdvantages of some of these probes are that they are extruded actively out of the cell [33,
35, 123]. Redox indicators are CTC, INT and Alamar Blue. Results with these probes
depend on endogenous and exogenous substrates, may be independent of the electron
transport system and the probes may be toxic at higher concentrations [47, 161, 163, 164].
Enzyme substrates such as (carboxy)fluorescein diacetate, fluorescein digalactoside and
Chemchrome B are used to indicate enzyme activity. These non-fluorescent substrates are
converted to fluorescent products and then they can be detected. These products are often
used as dye retention probes. Dye retention is an indication for an intact cell membrane.
Disadvantages of these probes are that the dyes can be actively extruded, enzyme activity
could be absent or poor under certain physiological conditions, enzyme activity is typically
energy-independent and the dye can sometimes by retained in vacuoles, even when the
membrane is permeable [22, 100, 141, 172]. Dye exclusion probes are for example
propidium iodide, ethidium homodimer, SYTOX Green, TOTO and TO-PRO-3, These
probes are only able to penetrate cells with compromised membranes. Unfortunately, some of
them are able to label intact cells under certain conditions [141]. Furthermore, some live cells
have permeant membranes and some dead cells have impermeant membranes [123, 141].
Nucleic acid stains such as Hoechst 33258/33342, DAPI, SYTO series and YOYO are able
to penetrate the cell membrane of all cells. Other nucleic acid stains, such as acridine orange,
first require fixation of the cells [180]. Nucleic acid stains are used to detect the total number
of cells or to quantify the amount of nucleic acid. Of course with these probes one must take
into account that the amount of target nucleic acid depends on the physiological state of the
cell [22]. Fluorescent in site hybridization (FISH) probes are for instance 165 rRNA-
directed probes. These probes are used to assess ribosomal content of microorganisms and to
detect different species in environmental samples (22, 100].

OUTLINE

The aim of the work described in this thesis is to study the effects of disinfectants on cell
constituents and viability of pathogenic bacteria and the factors that influence the efficacy of
disinfection, and with this knowledge to improve the current disinfectant tests.

In Chapter 2 the effect of BAC on viability and cell constituents in L. monocytogenes
was studied. Furthermore the influence of several factors on disinfectant efficacy was studied.
In Chapter 3 the effect of the growth phase of §. aureus on the efficacy of four disinfectants
was studied. The susceptibility of the cells in different growth phase was compared to that of
the suspension test cells that are currently used for disinfectant testing. In Chapter 4
fluorescent probes in combination with flow cytometry were used for rapid study of the effect
of disinfectants on single L. monocytogenes cells. The viability of the cells determined by
fluorescent techniques was compared to viability determined by plate counting. In Chapter 5
a standard biofilm test was developed for S. aureus and the resistance of the biofilm test cells
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was compared to that of the currently used suspension test cells. Chapter 6 discusses
viability assessment after exposure to disinfectants and the factors that influence the efficacy
of disinfection that were found in this thesis, In addition, it gives recommendations for
improvement of disinfectant tests, it integrates the results from this thesis with results from

other studies and gives some perspectives for biofilm control in practice.
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Chapter 2

Effect of benzalkonium chloride on viability and energy metabolism in
exponential- and stationary-growth phase cells of Listeria monocytogenes

S.B.1. Luppens, T. Abee, J. Oosterom

The difference in killing exponential- and stationary-phase cells of Listeria monocytogenes
by benzalkonium chloride (BAC) was investigated by plate counting and linked to relevant
bio-energetic parameters. At a low concentration of BAC (8 mg I'') a similar reduction in
viable cell numbers was observed for stationary-phase cells and exponential-phase cells (an
approximately 0.22 log unit reduction), although their membrane potential and pH gradient
were dissipated. However, at higher concentrations of BAC, exponential-phase cells were
more susceptible than stationary-phase cells. At 25 mg I' the difference in survival on plates
was more than 3 log units. For both types of cells killing, i.e. more than 1-log unit reduction
in survival on plates, coincided with complete inhibition of acidification and respiration and
total depletion of ATP pools. Killing efficiency was not influenced by the presence of
glucose, brain heart infusion medium, or oxygen. Our results suggest that growth phase is one
of the major factors that determine the susceptibility of L. monocytogenes to BAC.

Published in Journal of Food Protection (2001) 64: 476-482
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Chapter 2

INTRODUCTION

Listeria monocytogenes is a ubiquitous Gram-positive foodborne pathogen that can cause
life-threatening illness in immunocompromised and elderly people, pregnant women, and
neonates [68, 69, 87]. It has been isolated from different sources in the environment and
foods [68, 69]. One of its characteristics is that it can grow at very low temperatures, down to
0 °C [21]. L. monocytogenes is able to attach to and form extracellular material on the types
of surfaces present in food industry and in households {27, 74, 85, 105, 111, 126, 127, 157].
The attached cells are more resistant to disinfectants than free living cells [74, 139, 157].
Consequently, these cells are more difficult to eradicate, and the hazard of food
contamination increases. Therefore, it is necessary to know more about biofilm-forming
bacteria, their survival mechanisms, their resistance to disinfectants, and other factors that
mfluence the effectiveness of disinfection.

There are several ways to explain the increased resistance of biofilm cells: (i) the
extracellular material of the biofilm excludes or influences the access of the disinfectant, (i)
the outer layers of the biofilm may react with and quench the disinfectant, (iii) attachment
changes the physiology of the bacteria, (iv) limited availability of key nutrients within the
biofilm alters the physiology of the bacteria [37]. The fourth resistance theory presumes the
formation of oxygen gradients and gradients of other nutrients in a biofilm. The existence of
these gradients has been confirmed in several studies [26, 57, 188]. Because of these
gradients, cells at the inside of the biofilm lack a sufficient amount of essential nutrients.
Free-living cells are known to respond to this nutrient stress by growth rate reduction and
induction of defense mechanisms (stress response) [72, 93, 110]. As a result, they become
more resistant to other types of stress [109, 128, 155]. The fourth resistance theory supposes
that the same is true for biofilm cells. Recently, several studies have confirmed that in
biofilms cell proliferation is reduced and stress responses are induced [2, 136, 167, 188]. For
example the alternative a-factor for RN A polymerase, rpoS, plays an important role in the
biofilm formation of Escherichia coli and Salmonella enteritidis {2, 136]. Apparently, there
exist considerable similarities between responses of biofilm cells and free-living cells, in
particular stationary-phase cells that suffer from a lack of nutrients [55].

In this study, we investigated the effect of benzalkonium chloride (BAC), a
quaternary ammonium compound {guat), on exponential-phase cells and stationary-phase
cells of L. monocytogenes. Quats are membrane active compounds [59, 135] used as
disinfectants in the food industry [186). We compared the resistance of stationary-phase cells
with that of fast growing exponential-phase cells to investigate whether there were large
differences in disinfectant susceptibility between nutrient stressed cells and unstressed cells.
We did this by investigating the dose-response relation of L. monocytogenes exponential-
phase and stationary-phase cells to BAC. Furthermore, we investigated the influence of brain
heart infusion medium (BHI), glucose, and oxygen on killing efficiency, and we discuss
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whether differences in growth phase may contribute to the increased resistance of biofilm
cells to quats.

MATERIALS AND METHODS

Bacterial strain and growth conditions. L. monocytogenes Scott A was grown at 30 °C in
BHI broth with 0.5 % wtivol glucose. Stock cultures were kept at -80 °C with 25 % wit/vol
glycerol added. An overnight culture of L. monocytogenes that was statically grown was used
to inoculate 30 mi of fresh medium (2 % vol/vol inoculam), This new culture was shaken in a
gyrorotatory incubator at 150 rpm in a 100 mi Erlenmeyer flask. Exponential-phase cells
were harvested at an O.D.g20 nm 0f .20 (after approximately 3.5 h), Stationary-phase cells
were harvested after 15.5 h of growth. Before use, cells were washed twice by centrifuging
for 10 min at 2620 x g and resuspending in phosphate buffered saline (PBS) (0.2 g of KCl,
0.2 g of KH;PO4, 1.5 g of Na,HPO, and 8.0 g of NaCl per liter, adjusted to pH 7.2 with HCI).
Cells were resuspended to a concentration ranging from 5x10° to 1x10° CFU mi” in the
buffer that was used for the particular experiment (see below), with the exception of cells
used for the measurement of acidification and respiration, which were concentrated 90 times
and 40 times more, respectively. All experiments and assays were performed at 30 °C.

Chemicals and disinfectant. BHI was obtained from Difco Laboratories (Detroit,
USA). Fluorescent probes were obtained from Molecular Probes Europe B.V. (Leiden, The
Netherlands). Glycerol was from Fluka Chemie AG (Buchs, Switzerland), resazurin from
Janssen (Geel, Belgium) and nigericin, valinomycin and bovine serum albumin from Sigma
Chemical Co. {St. Louis, USA). All other chemicals were from Merck KGaA (Darmstadt,
Germany). The disinfectant used in this study, BAC (Alkyl-benzyl-dimethylammonium
chloride, alkyl distribution from CgH,7 to C,6H33), 18 a quat and a cationic surfactant. It was
purchased from Lamers & Pleuger B.V. (Den Bosch, The Netherlands). A 50 g 1" stock
solution of BAC was made in demineralized water and filter sterilized through a 0.2 um filter
(FP 030/03 Schleicher and Schuell GmbH, Dassel Germarny). A 10 x dilution in
demineralized water was prepared from this stock solution before each experiment and used
immediately.

Killing experiments. Killing experiments were performed in 5 ml PBS. For the
determination of the influence of glucose and BHI medium on killing PBS, PBS with 0.5 %
wt/vol glucose (PBS-g) and BHI with in total 0.5 % wt/vol glucose (BHI-g) were used. A
time zero sample was taken to determine the initial number of cells. Then 5 g I'' BAC
solution was added to produce final concentrations ranging from 8 to 25 mg I' and the cell
suspension was mixed. Five min after addition a sample was taken and immediately diluted
10 times in PBS. An appropriate dilution of the sample was made immediately in PBS and
cells were enumerated by spiral-plating on BHI-agar with 0.5 % wt/vol glucose immediately
after dilution, The plates were incubated at 30 °C, and the colonies were counted afier two
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days of incubation. A similar protocol as described above was used for the killing dependent
on time. Additional samples were taken after 10, 15, 20, 25 and 30 min. Killing by BAC in
the absence and presence of oxygen was performed as described above, with the following
modifications. Experiments were performed with PBS and BHI agar containing cysteine (0.5
g I'") and resazurin (1 mg I') to demonstrate lack of oxygen. Bacteria were kept on ice before
use. Killing in the absence of oxygen was performed in an anaerobic glove box (containing

80 % nitrogen gas, 10 % hydrogen gas, and 10 % carbon dioxide). Bacterial cells exposed to
BAC in the absence of oxygen were incubated at 30 °C in an anaetrobic jar, and colonies were
counted after 3 days, because of their slower growth. Killing experiments dependent on
concentration were done in duplicate on different days. Killing experiments dependent on
time were done in triplicate on different days. Killing experiments to establish the influence
of glucose, BHI medium or oxygen were done in triplicate on the same day, and paired
Students ¢ test with two tailed distribution and a 0.05 confidence level was used to analyze all
data. The null hypothesis was that there was no significant difference between the killing in
absence or presence of oxygen, giucose or BHI medium. For all experiments, the average
value for survival is given in the graphs.

Measurement of membrane potential and intracellular pH. Membrane potential
was measured using the fluorescent probe DiSC;[5] (3,3-dipropylthiadicarbocyanine;
excitation wavelength, 643 nin; emission wavelength, 666 nm). The distribution of this probe
is membrane potential dependent; the higher the membrane potential is, the more the probe
accumulates in the cell, Fluorescence is quenched when the probe is inside the cell. Assays
were performed with 8 pmol I'' DiSC;3[5] in 3 ml of a 50 mmol 1’ potassium phosphate
buffer, pH 7.2 (KPi). This is a qualitative measurement.

The intracellular pH was measured using the fluorescent probe CFDA,SE (5(and 6-)
carboxyfluorescein diacetate succinimidyl ester) as described by Breeuwer er al. [35].
Washed cells were incubated for 10 min with 0.3 pmol I'' CFDA,SE and washed in KPi,
Glucose (final concentration 0.003 % wt/vol) was added to the cells to eliminate non-
conjugated CFSE (5(and 6-) carboxyfluorescein succinimidyl ester), and the cells were
incubated for 30 min. Cells were washed and resuspended in KPi. Assays were performed in
3 ml of the same buffer. Cells were kept on ice prior to use. Fluorescence intensities were
measured at excitation wavelengths of 500 and 440 nm and the emission wavelength was 530
nm. The internal pH was calcuiated from the 500-to-440 nm ratio with the use of a calibration
curve. For both pH gradient and membrane potential measurements, fluorescence was
measured in the stirred and thermostated cuvette holder of a Luminescence spectrometer LS
50B (Perkin-Elmer, Nieuwerkerk aan den Ussel, The Netherlands). Nigericin (1 umol I''), a
K'/H"-exchanger, was used to dissipate the pH gradient and vatinomycin (1 pmol I'"), a K*-
ionophore, was used to dissipate the membrane potential. Experiments were done in duplicate
on separate days, and for each concentration a representative graph is given.

Measurement of ATP concentrations. Experiments were performed in 5 ml of PBS.
After 8 min, 0.125 ml of a 20 % wt/vol glucose solution was added to the cell suspension to
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give a final concentration of 0.5 % wi/vol. After 23 min of incubation, a 5-g I' solution of
BAC was added to the cell suspension to produce final concentrations ranging from 8 to 25
mg I'. Samples were taken at appropriate time intervals. Total ATP concentration was
measured in 20 ul of sample. External ATP concentration was measured in 20 pl of
supernatant fluid from a 100-p] sample (centrifuged at 4 °C for 3 min at 13,000 rpm). Internal
ATP concentrations were calculated by subtracting the external ATP concentrations from the
total ATP concentrations. The total ATP concentration just before the addition of the
disinfectant was taken as 100 %. ATP concentrations were measured in the Lumac biocounter
M2500 with the luciferine/luciferase assay as described by the supplier (Lumac, Landgraaf,
The Netherlands). Protein concentrations were determined by the bicinchoninic acid method
[165] with bovine serum albumin as a standard. Experiments were done in duplicate on
separate days, and for each concentration a representative graph is given.

Measurement of acidification, Experiments were performed in 9 mi of 0.2 mmol I
potassium phosphate buffer (pH 7.2) in a stirred, water-jacketed vessel. The pH was recorded
continuously with a pH electrode. A total of 0.1 ml of a 90x concentrated cell suspension (see
above) on ice was added. After temperature equilibration (2 min), 0.225 ml of a 20 % wt/vol
glucose solution was added to give a final concentration of 0.5 % wtfvol. After 5 min, a5 g '
solution of BAC was added to produce final BAC concentrations ranging from 8 to 23 mg I
Experiments were done in duplicate on separate days. The average of the two experiments is
given.

Measurement of respiration, Experiments were performed in 4 ml PBS in a stirred,
water-jacketed vessel. The oxygen concentration was recorded continuously with an oxygen-
electrode (YST model 5300 biological oxygen monitor, Yellow Springs Instruments Co. Inc.,
Yellow Springs, USA}. A total of 0.1 ml of a 40X concentrated cell suspension (see above) on
ice was added. After temperature equilibration (2 min), 0.1 ml of a 20 % wt/vol glucose
solution was added to give a final concentration of 0.5 % wt/vol. After Smin, a5 g !
solution of BAC was added to produce final BAC concentrations ranging from 9 to 31 mg I'.
Experiments were done in duplicate on separate days. The average of the two experiments is
given.

RESULTS

In this study the difference in susceptibility between exponential-phase and stationary-phase
cells of L. monocytogenes to BAC was studied. Based on the growth curve of L.
monocytogenes in BHI-broth with 0.5 % wt/vol glucose, exponential-phase cells were
harvested after 3.5 h in the mid-exponential-phase and stationary-phase cells at 15.5 hours.
Exponential- and stationary-phase cells were exposed for 5 min to concentrations of
BAC ranging from O to 25 mg I (Fig. 2.1A). At 8 mg [, BAC was not effective in killing;
only a 0.22-log reduction of both stationary-phase cells and exponential-phase cells was
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Figure 2.1 Survival of L. monocytogenes after exposure to BAC. Cells were exposed for 5 min to
different concentrations of BAC (A) or for 30 min to 17 mg 1! BAC (B). Results are shown for
exponential-phase cells (®) and stationary-phase cells (Q). Error bars are plotted on a logarithmic
scale and indicate the standard deviation,

observed. At higher concentrations, BAC caused a dramatic killing of exponential-phase
cells: 17 mg I' of BAC caused a reduction in viable cells of 0.83 log units and 25 mg 1" a
reduction of 3.9 log units. In contrast, [7 mg I of BAC reduced the number of viable
stationary-phase cells only by 0.20 log units and 25 mg I' caused a reduction of 0.81 log
units. Thus, at a concentration of 25 mg I'', stationary-phase cells were at least a 1,000 times
more resistant to BAC than exponential-phase cells.

Exponential- and stationary-phase cells were exposed to a concentration of 17 mg 1!
of BAC for 30 min (Fig. 2.1B). At all time points stationary-phase cells of L. monocytogenes
survived exposure to 17 mg I'' of BAC better than exponential-phase cells. The difference in
resistance increased over time, After 30 min treatment the number of viable stationary-phase
cells had
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Figure 2.2 Effect of BAC on the membrane potential of L. monocytogenes. Assays were performed
with exponential-phase cells (A} and stationary-phase cells (B) with the use of DISC;I5). At the times
indicated by arrows the following substances were added: glucose (glu), nigericin (nig), BAC (8 mg
Iy and valinomycin (val}. a.u. indicates arbitrary units.

decreased by only 0.25 log units, whereas the number of viable exponential-phase cells had
decreased by 2.5 log units. Dodd et al. [61] proposed that under aerobic conditions biocides
have a secondary killing effect on bacteria which results from an imbalance between
anabolism and catabolism. This imbalance could cause a burst of oxygen radicals, resulting in
additional cell damage. To verify this hypothesis, we analyzed killing of L. monocytogenes
by BAC in the presence and absence of oxygen after 5-min exposure. No significant
influence of oxygen on killing of L. monocytogenes could be shown when exponential-phase
and stationary-phase cells were exposed to 25 and 30 mg I' of BAC, respectively (two
different concentrations of BAC were used to attempt to achieve a similar amount of
survivors for both cell types). Exponential-phase cells showed a 3.0 log reduction in survival
aerobically and a 2.5-log reduction anaerobically. For the stationary-phase cells these
numbers were 2.0- and 1.2-log reduction, respectively (data not shown).

Additionally, no significant influence of glucose or BHI mediurn on killing could be
shown when L. monocytogenes exponential-phase and stationary-phase cells were exposed to
25 and 30 mg 1" of BAC, respectively, for 5 min in PBS, PBS-g, or BHI-g, For exponential-
phase cells, the reductions in log units in PBS, PBS-g and BHI-g were 4.0, 4.3 and 3.2,
respectively. For stationary-phase celis, the log reductions were 0.81, 0.68 and 0.85,
respectively (data not shown).

In addition to killing experiments the dose-response relationship of L. monocytogenes
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Figure 2.3 Effect of BAC on the intracellular pH of L. monocytogenes. Assays were performed with
exponential-phase cells (A, C) and stationary-phase cells (B, D). At the times indicated by arrows, the
following substances were added: cells labeled with CFSE (cells), glucose {glu), valinomycin (val),
BAC and nigericin (nig). BAC was added to concentrations of 8 mg I'' (A, B) and 17 mg I' (C, D).

to BAC far a variety of energetic parameters was established. The effect of BAC on the
membrane potential in exponential- and stationary-phase cells was determined. A total of 8
mg 1" was used as the starting concentration, becanse only a 0.22-log reduction was observed
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Figure 2.4 Effect of benzalkonium chloride (BAC) on cytoplasmic (®) and extracellular (Q) ATP
leveis for L. monocytogenes exponential-phase cells (A, C) and stationary-phase cells (B, D). BAC
was added to concentrations of 8 mg I'' (A, B), 20 mg ' (C) and 25 mg 1 (D). The tatal amount of
ATP just before the addition of BAC was 100 %. For exponential-phase cells and for stationary-phase
cells 100 % ATP was 0.56 and 0.52 pmol ATP (mg of protein)” respectively.

at this concentration and, therefore, there were no major effects expected on the membrane
potential. The membrane potential of both exponential- and stationary-phase cells increased
slightly on addition of glucose, but did not increase further on addition of nigericin (figs 2.2A
and 2.2B). On addition of 8 mg I'' of BAC, exponential- and stationary-phase cells showed
similar behavior. The membrane potential was rapidly and completely dissipated since
addition of valinomycin did not result in a further reduction of the membrane potential.
Without addition of BAC the membrane potential was not affected for at least 5 min and only
after addition of valinomycin was it completely dissipated (data not shown).

The internal pH of both exponential- and stationary-phase cells increased on addition
of ghucose and even further on addition of valinomycin, since the dissipation of the
membrane potential is compensated for by an increase of the pH gradient. On addition of 8
mg I of BAC the pH gradient decreased slowly in both exponential- and stationary-phase
cells. After 4 min the pH gradient was completely dissipated in exponential-phase cells (Fig.
2.3A), since the addition of nigericin did not result in a further reduction of the internal pH.
In stationary-phase cells, the pH gradient was almost completely dissipated after 6 min (Fig.
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2.3B). At the concentration of 17 mg I of BAC, exponential- and stationary-phase cells
showed similar behavior. The pH gradient was rapidly and completely dissipated after 1 min
(figs 2.3C and 2.3D). In control cells without BAC the internal pH was not affected for at
least 5 min and only after addition of nigericin was it completely dissipated (data not shown).

On addition of glucose, the amount of intracellular ATP increased for both
exponential- and stationary-phase cells {data not shown). On addition of 8 mg I' of BAC to
glucose-energized cells, exponential- and stationary-phase cells showed similar behavior. At
this concentration BAC caused a substantial decrease in internal ATP in both exponential-
and stationary-phase cells, but only minor leakage of ATP (figs 2.4A and 2.4B). At higher
concentrations, BAC caused complete loss of ATP because of leakage and hydrolysis in both
types of cells, but for stationary-phase cells a higher concentration of BAC was needed than
for exponential-phase cells. In exponential-phase cells, 20 mg 1" of BAC caused complete
loss of ATP after 5 min (Fig. 2.4C). The less sensitive stationary-phase cells were exposed to
a higher concentration (25 mg I') of BAC. This caused complete loss of ATP, but only after
16 min (Fig. 2.4D).

L. monocytogenes can metabolize glucose to lactic acid and acetic acid resulting in
acidification of the medium. Acidification experiments showed that stationary-phase cells
were more resistant to inhibition by BAC than exponential-phase cells. BAC completely
inhibited acidification at a concentration of 16 mg I in exponential-phase cells whereas
stationary-phase cells were not inhibited at this concentration. At the concentration of 23 mg
I' acidification was completely inhibited in stationary-phase cells (data not shown).
Additionally, the effect of BAC on respiration was investigated. BAC completely inhibited
respiration at concentration of 19 mg [”' in exponential-phase cells, whereas stationary-phase
cells still respired at about 30 % of the original rate at this concentration. At the concentration
of 31 mg I respiration was completely inhibited in stationary-phase cells (data not shown),

DISCUSSION

Biofilm bacteria are a problem in the food industry because of their increased resistance to
disinfectants. In this study we showed that stationary-phase cells, used as a model for biofilm
cells, are much more resistant to BAC than exponential-phase cells.

The dose-response relationship of L. monocytogenes to BAC showed that stationary-
phase cells and exponential-phase cells react similarly at a low concentration of BAC (8 mg
I'"). This low concentration of BAC completely dissipates both components of the proton
motive force: the pH gradient and the membrane potential. This suggests that the membrane
is damaged and has become permeable 10 small ions like H" and K*, However, plate counting
reveals that there is only a 0.22-log reduction in cell survival, and, therefore, this minor
membrane damage is apparently reversible. At higher concentrations, other celf functions
start to collapse and differences between stationary- and exponential-phase cells become
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apparent. Acidification and respiration are completely inhibited and all residual intracellular
ATP leaks out of the cell. For exponential-phase cells, a lower concentration of BAC (at least
17 mg I') is needed to produce this collapse than for stationary-phase cells (at least 27 mg
I')y. At these concentrations, the reduction in survival is more than 1 log unit. Thus, the cell
functions that are disrupted at higher concentrations of BAC give a better indication of killing
than dissipation of the proton motive force does. In particular the leakage of ATP, which
results in the depletion of intracellular ATP, seems to give a good indication of the
bactericidal concentration of BAC.

The dissipation of the proton motive force suggests that at low concentrations BAC
damages the membrane of L. menocytogenes and causes leakage of ions, like K and H*. At
higher concentrations it causes lethal damage through further disruption of the membrane and
consequent complete leakage of ATP concomitant with inhibition of respiration and
acidification. These results agree with what is generally accepted as the mode of action of
quats: alteration of the semi-permeable properties of the cell membrane leads to leakage of
metabolites and coenzymes and disturbance in the delicate balance of metabolite
concentrations within the cell [135].

Furthermore, we demonstrate that L. monocytogenes stationary-phase cells are more
resistant to BAC than exponential-phase cells. At high concentrations of BAC (14 mg I'' and
higher), stationary-phase cells show enhanced survival, less ATP-leakage, and less inhibition
of acidification and respiration than exponential-phase cells. In addition to the previously
reported resistance of stationary-phase cells to acid [145] we now show that those cells are
also more resistant to membrane active quats. In our experiment we found the difference in
resistance between exponential-phase cells and stationary-phase cells at a BAC concentration
of 25 mg I to be at least 1,000 fold. This indicates that differences in growth phase and
stress response are important factors in resistance to BAC for free-living cells.

Our results also indicate that the presence or absence of BHI medium, including
energy sources, during short-term exposure to BAC does not influence the killing of L.
monocytogenes by BAC. Neither does the presence or absence of oxygen during 5 min of
killing, dilution and incubation on plates. It is important to know whether these compounds
have an additional influence on killing, because in biofilms the distribution of oxygen and
nutrients is not even or constant. Our results are in contrast with the suggestion made by
Dodd er al. [61] who propose that presence of oxygen will enhance killing by biocides by
causing an imbalance between catabolism and anabolism, resulting in a burst of free radicals.
This would especially be the case in expomentially growing, metabolically active cells. On the
other hand, Denyer and Stewart [59] remark that this imbalance may not occur with
membrane active compounds that affect the cell by impairing intracellular homeostasis. This
may be the case for L. monocytogenes exposed to BAC.

Recently, L. monocytogenes was shown to produce an alternative o-factor for RNA-
polymerase, 6°. This o-factor appeared to be involved in mediating acid resistance of
stationary-phase cells and osmotic stress tolerance [23, 182]. For Bacillus subtilis, another
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Gram-positive organism, it has been reported that o°-dependent transcription is activated on
entry into stationary-phase and following exposure to growth-limiting conditions and
environmental stress [182]. The regulation of both stress response and entry into stationary-
phase by the same alternative o-factor may provide an explanation for the increased
resistance of L. monocytogenes to quats in the stationary-phase. For Gram-negative bacteria it
is known that an alternative o-factor (rpoS) plays an important role in biofilm formation [2,
136]. Alternative o-factors, such as 0°, may also be important in biofilms formed by Gram-
positive bacteria, such as L. monocytogenes.

In summary, we can conclude that testing of free living cells in different growth
phases indicates whether large differences in resistance to disinfectants occur and that this
may be useful to predict a part of the resistance of biofilm cells to disinfectants.
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Chapter 3

The effect of the growth phase of Staphylococcus aureus on resistance to
disinfectants in a suspension test

S.B.L. Luppens, F.M. Rombouts, T. Abee

The influence of growth phase on the resistance of Staphylococcus aureus to the surface-
active agents benzalkonium chloride and dodecylhenzyl sulphonic acid and the oxidizing
agents sodium hypochlorite and hydrogen peroxide was studied. The resistances of cells in
different growth phases were compared to those of solid medinm cells grown according to the
European phase 1 suspension test. Using cells from different growth phases (+ 3x10° CFU
mi'} we found that decline-phase cells were the most resistant cells. However, the decline-
phase cell suspension contained more than 90 % dead cells. A 10-fold diluted suspension
with a total concentration of cells equal to that of the other cell suspensions still revealed
decline-phase cells generally to be the most resistant cell type. However, the resistance was
drastically reduced indicating that the large proportion of dead cells provided a significant
protection to the viable decline-phase cells. Hydrogen peroxide resistance could be partly
explained by the high catalase activity in the dead cell fraction. Exponential-phase cells were
less resistant than decline-phase cells, and, surprisingly, stationary-phase cells were the least
resistant of the three. Cells grown according to the European phase 1 suspension test were
never the most resistant cells. Their survival was 1 to 3 log units less than that of the most
resistant cells. These findings show that the solid medium cells currently used are not the
most resistant type of cells that can be used.
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