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(ABSTRACT)

Proteolytic enzymes and a glycolytic enzyme used in
dishwashing detergents and by the starch conversion industry
were examined for their ability to remove bacteria attached
to black buna-N rubber. Pure culture and mixed culture

biofilms of Pseudomonas fluorescens and Listeria

monocytogenes were treated with the proteolytic enzymes

Purafect® (Genencor International), Durazym™, and Savinase®

and the glycolytic enzyme Termamyl® (Novo Nordisk BioChem

North America). Compared to controls, none of the enzyme

treatments were able to significantly remove P. fluorescens

cells adherent in pure culture (p>0.05). Durazym™,

Purafect®, and Termamyl® did significantly reduce the

number of adherent cells of L. monocytogenes grown in pure

culture. Treatment with Purafect® reduced the number of

attached cells of both P. fluorescens and L. monocytogenes




when grown in mixed culture. Material which absorbs at 280
nm was released from both pure and mixed culture biofilms

when all three proteolytic enzymes were used. No survivors
remained after planktonic (free floating) cells of both P.

fluorescens and L. monocytogenes were incubated with

Purafect®. Reduction in overall numbers of P. fluorescens

and L. monocytogenes attached in mixed culture by Purafect®

appeared to involve a combination of release of
proteinaceous material followed by bactericidal effects on

exposed cells.
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Introduction

Lappin-Scott et al (1992) defined a biofilm as a
complex association of microorganisms and microbial products
attached to a surface. In the food industry, the formation
of a biofilm can occur when bacteria present in food adhere
to surfaces of processing or storage equipment. Milk, for
example, can pick up microorganisms at any juncture along
the route to pasteurization and even after pasteurization.
Contamination can occur during milking, directly from the
cow or milking parlor, or through shipping and storage at
the processing plant. All food product contact surfaces can
be potential sites of inoculation and subsequent biofilm
formation. Stainless steel piping, Teflon surfaces, or
rubber gaskets between joints are all susceptible sites for
potential biofilm formation.

The formation of biofilms on food processing equipment
poses many problems for the manufacturer, and more
importantly, for the consumer. Biofilm formation can cause
reduction in the efficiency of operation by decreasing flow
rates, reducing heat transfer and by stimulating the
corrosion process. In addition to the health hazards and
fouling of processing equipment, bacteria in adherent
biofilms can block filters and injection interfaces, foul

products, generate harmful metabolites (such as hydrogen



sulfide (H;S)) and corrode metal piping. Biofilms also
provide protection for bacteria by increasing their
resistance to heat, sanitizers, and disinfectants (Criado et
al., 1994). All these factors can lead to considerable
economic loss due to product recall, unacceptability, and/or
potential health problems for consumers.

Various bacterial species have been shown to have very
different adhesive capabilities depending on the nature and
configuration of the polymers present on the bacterial
surface (Criado et al., 1994). Studies investigating the
microflora present in refrigerated milk have demonstrated
the almost exclusive dominance of gram-negative

psychrotrophs, especially members of the genus Pseudomonas

{Cousin, 1982). Pseudomonas species are capable of

reproduction in raw milk maintained at or below 7°C, with

generation times as short as 8 hr. Pseudomonas fluorescens

is the primary spoilage organism in milk and other dairy
products and produces off-flavors, or off-odors, and

decreased shelf-life. P. fluorescens is also responsible for

textural defects such as slimy curd in cottage cheese.
Another microorganism of more significance to consumers

is Listeria monocytogenes. L. monocytogenes causes

listeriosis in the immunocompromised including fetuses, the



elderly, cancer patients, and people with other diseases

which lower body immunity. L. monocytogenes has been

implicated in foodborne listeriosis linked to milk, ice

cream and other dairy products (Farber and Peterkin, 1991).
Microbial populations present in food products are

almost never entirely homogeneous. Biofilms of mixed

cultures of L. monocytogenes and Pseudomonas aerugenosa have

been shown to have increased strength of adherence to beef
tissue and also produce an increase in the number of
attached bacteria compared to pure single species biofilms

(Chung et al., 1989). When L. monocytogenes was grown in the

presence of P. fragi, adherence to a glass collecting
surface was enhanced significantly (Sasahara and Zottola,

1993)

Several studies have used enzymes to characterize the
various stages of biofilm attachment. Two of the most widely
accepted stages are reversible and irreversible adhesion.
The exact nature of the adhesive material involved in these
stages is not entirely known. Reversibly attached cells are
predominately anchored by proteinaceous material such as
flagella and pili and can be removed through washing or
product flow. Irreversibly attached cells are more strongly
attached by a thick mat of fibers that are predominately

polysaccharide in nature. Moreover, enzyme studies have



demonstrated the possibility that proteinaceous material may
also be involved in adherence during the irreversible stage
of biofilm formation. Trypsin was shown to be effective in
removing P. fragi attached in a biofilm to stainless steel
(Herald and Zottola, 1989).

The objectives of this research were to determine the
ability of crude industrial enzyme preparations to remove

biofilm of single organisms (P. fluorescens alone, and L.

monocytogenes alone) and mixed organisms (P. fluorescens and

L. monocytogenes together). Black buna-N rubber were the

surface on which the biofilms were grown.



Literature Review

Chapter 1: Biofilm Formation

Bacteria benefit significantly when attached to
surfaces compared to living in the surrounding fluids
(Lappin-Scott and Costerton, 1992). Biofilms are therefore
prevalent throughout natural, industrial, and medical
environments. Microorganisms, primarily bacteria, adhere to
a wide variety of surfaces ranging from the human tooth,
throat or lung tissue to stainless steel, rubber, and Teflon
surfaces found in food and paper processing facilities.
Biofilms have been found to form on conduits, condensers and
heat exchange tubes in water and wastewater treatment
facilities, and on remote sensors, submarine periscopes, and
sight glasses used for water quality data collection. Even
rocks submerged in fresh and salt water under conditions of
stress, due to water flow, contain bacteria present in
biofilms.

Bacteria form biofilms by excreting extracellular
polymer fibers made of both proteinaceous and polysaccharide
material. Pili, flagella and fimbrea make up the
proteinaceous aspect of the biofilm. Glycocalyx is the term
used to describe the polysaccharide material. Costerton et

al (1981) defined glycocalyx as those polysaccharide-



containing structures of bacterial origin, lying outside the
integral elements of the outer membrane of gram-negative and
the peptidoglycan of gram-positive cells.

A. Mechanism of Attachment

Many theories have been proposed to describe the
mechanisms involved in biofilm attachment. Some mechanisms
proposed include: bacterial attraction to charged surfaces,
gravity, brownian motion, chemoattraction when the surface
contains nutrients (Lappin-Scott et al, 1992), charge on
bacterial cells, hydrophobicity of bacteria and the
collecting surface (Hood and Zottola, 1995), and the
distance between the bacterial cell and the collecting
surface (Busscher and Weekamp, 1987). The most widely held
hypothesis concerning the mechanism by which bacteria adhere
to surfaces is a time dependent process incorporating some
of the theories mentioned above into two consecutive stages
called reversible and irreversible attachment (Marshall et
al., 1971, Costerton et al., 1987).

In 1991 Notermans et al described bacterial adhesion as
occurring in three stages and labeled them 1) adsorption 2)
consolidation and 3) colonization. During adsorption,
physical forces such as van der Waals forces, ionic bonds,
entropic contributions and bridging interactions appear to

play a role (Notermans et al., 1991). Van der Waals forces



are weak interactions between permanent dipoles,
instantaneous dipoles, and induced dipoles. These weak
interactions result from attraction of opposite charges
produced by fluctuations in distribution of electrons within
the molecule or molecules or changes in electronic
distribution induced by external electronic charges or
electric fields (Biokess, 1985). Weak interactions are only
consequential when the interacting species are in very close
proximity or when numerous weak interactions occur. In a
dynamic environment such as a food processing plant, close
proximity to surfaces is frequently due to random contact of
product flowing under turbulent conditions. Adsorption is a
reversible step, and at this stage, the bacteria can still
be removed via washing or product flow.

The next stage described by Notermans et al (1991) is
called consolidation, one of the two irreversible stages.
Once bacteria are adsorped to the surface, Firstenberge-Eden
et al (1979) observed the production of thin fibers and
extracellular slime. Herald and Zottola (1988a) concluded
that the extracellular material surrounding bacterial cells
was comprised of acidic-mucopolysaccharide. Herald and
Zottola reported that the time required for bacterial
consolidation varies with the genus and species of the

microorganism and the incubation environment (pH,



temperature, nutrient content, and collecting surface). L.

monocytogenes has been shown to attach irreversibly to

stainless steel after just a few minutes of contact time
(Butler et al, 1979, Smoot, unpublished 1996).

Close contact between the cell and the collecting
surface is facilitated by bacterial cell appendages such as
flagella and pili, but these appendages are not necessary.
Different species of the same genera lacking flagella and
pili have also been shown to adhere to surfaces (Lillard,
1985). Once contact is established, whether by cell
appendages or random contact, bacterial cells initiate the
process of irreversible adhesion by binding to surfaces
using exopolysaccharide glycocalyx polymers. Colonization
begins when the biofilm grows by internal replication and by
trapping bacterial cells that are transported in the fluid
phase of the product. Thus, biofilms are highly hydrated,
predominately anionic matrices of bacterial exopolymers,
living bacterial cells, and trapped extraneous
macromolecules creating an anchored population that will
grow and multiply (Sutherland, 1977). These polymers help
the organism to proliferate without being removed. Nutrients
can be concentrated from the product biofilm interface and
favor the growth of bacteria on the collecting surface.

Another advantage of biofilm formation is the ability of the



biofilm matrix to form a barrier to heat, sanitizers and
detergents (Frank and Koffi, 1990).
B. Composition of Adhesive Material

A variety of laboratory techniques have been used to
characterize the material involved in anchoring and
attaching biofilms to collecting surfaces. Scanning electron
microscopy (SEM), various staining techniques using
ruthenium red and alcian blue, and glycolytic and
proteolytic enzymes have been used to view, visualize and
hydrolyze the material responsible for biofilm initiation
and formation (Hood and Zottola, 1995). Components of the
cell wall such as pili, flagella, lipopolysaccharide O
antigen, and excreted polysaccharide fibers have been shown
to contribute to the anchoring and attachment of biofilms
(Notermans et al, 1991).

Protruding linear structures such as lipopolysaccharide
O antigen and exopolysaccharides are components on the
surfaces of many species of bacteria involved in the
initiation of bacterial adhesion (Costerton et al, 1987).
Highly structured appendages such as pili, fimbriae, and
flagella, which are mainly composed of proteinaceous
material, are also involved (Isaacson, 1985). Studies have
shown increased attachment with flagellated organisms

(Notermans & Kampelmacher, 1974, Butler et al., 1983), but



both chemotaxis and flagellar activity appear to be involved
in greater accumulation of motile organisms.
Lipopolysaccharide O antigens are somatic antigens that are
a constitutive part of the cell wall and also extend beyond
this barrier. These antigens consist of a complex of
lipopolysaccharide and protein (Banwart, 1989) and appear to
be instrumental in the initial adhesion process. However,
lipopolysaccharide O antigens are not sufficient to
establish colonization if the adherent cells do not also
produce glycocalyx, the sticky exopolysaccharide (Costerton
et al, 1987).

Exopolysaccharide-mediated adhesion is strong and
resistant to shear forces, while pili are relatively fragile
(Costerton et al., 1987). Bacteria have been shown to attach
themselves to surfaces by means of a mass of tangled fibers
of polysaccharides that extend from the cell surface
(Costerton et al., 1978). The sticky glycocalyx has been
proposed to consist of polysaccharides complexed with
proteins and or lipids (Herald and Zottola, 1988a, Jones et
al., 1969).

Corpe (1970) demonstrated the involvement of acidic
polysaccharides in bacterial adhesion; Fletcher and
Floodgate (1973) verified this phenomenon using scanning

electron microscopy. Corpe (1970) identified components of

10



the polysaccharide layer from Pseudomonas atlantica as

containing pyruvate and monosaccharides identified as
mannose, glucose, galactose, and galacturonic acid. Corpe
also found a 1:1 ratio between uronic acid and hexose.
Herald and Zottola (1988a) used ruthenium red and alcian
blue to stain the extracellular substances involved in the

attachment of Pseudomonas fragi to stainless steel chips.

These two stains contain cation groups which bind to
polyanions and are specific for acidic polysaccharides and
acidic mucopolysaccharides.

Fletcher and Floodgate (1976) described two types of
polysaccharides, termed primary and secondary
polysaccharides, respectively, responsible for reversible
and irreversible adhesion of marine bacteria. Primary
polysaccharides form a thin layer around both attached and
non-attached cells and are thought to be responsible for
initial attachment. Secondary polysaccharides are excreted
after initial attachment and produce a firmer adhesion to
the collecting surface. After secondary polysaccharide
excretion the culture was transferred to a cation-deficient
media, which produced a rapid dissociation of the secondary
polymer. Fletcher and Floodgate (1976) postulated that Ca++
and Mg++ are important in maintaining this adhesive

polysaccharide structure.

11



Streptococcus mutans adheres to dental surfaces as well

as other surfaces by means of an a-1,3 linked glucan
(Johnson et al., 1977). Sutherland (1980) proposed that a
high incidence of 1,3 or 1,4 linkages would confirm some
degree of rigidity to the polymer; a-1,3 linkages would be
relatively water insoluble. Rigidity and water insolubility
of the polysaccharide material involved in the biofilm
matrix would provide a strong protective barrier that would
remain intact even in the presence of product flow and
water-based cleaners and sanitizers.

Beech and Gaylarde (1989) found that a glycosidase and

N-acetyl glucosaminidase reduced adhesion of P. fluorescens

to mild steel when the biofilm was grown in the presence of
these enzymes. Beech and Gaylarde also found that only N-
acetyl glucosaminidase reduced the number of attached cells

of Desulfovibrio desulfuricans. Based on these results, both

glucose and N-acetyl glucosamine appear to be involved in

adhesion of P. fluorescens. A di- or polymeric form of N-

acetyl glucosamine is associated with D. desulfuricans

adhesion.

12



C. Industrial Significance

Biofilms in food processing environments can collect on
surfaces of processing equipment and food products before,
during, and after processing. Some consequences of biofilm
formation of industrial significance include: microbial
corrosion, increased flow resistance, blockages and decrease
in heat exchange efficiency, decreased efficiency of
detergents and sanitizers, and attachment to product
surfaces. Decreases in product quality and appearance are
minor consequences of biofilms in food processing facilities
compared to the increased health risks these industrial
problems pose.

Corrosion of metals due to bacterial colonization is an
economically important consequence of bacterial formation
that illustrates several fascinating aspects of the
structure and physiology of the adherent bacterial
populations. Bacterial corrosion is an activity of
structured bacterial biofilms in which physiochemical
differences between adjacent loci on the metallic surface
are created and maintained by differential metal binding and
metabolic activity until deep corrosion pits have been
produced. In the past, these corrosion pits were removed by
regular Scraping, also known as pigging, of the pipelines.

Pigging is a labor-intensive, time-consuming process

13



designed to disturb the highly structured bacterial
corrosion cells. After pigging of the pipelines, several
days are required to reestablish the structure and activity
of bacterial biofilms (Costerton et al., 1987). In addition,
corrosion due to biofilm formation decreases the life of
processing equipment which is a huge expenditure for the
food manufacturer.

Biofilms which have formed on product contact surfaces
cause a decrease in product flow rates as well as an
increase in friction between the product and food contact
surface. A decrease in product flow rates can produce an
overprocessed product which can become organoleptically
unacceptable to consumers. Bacteria have been known to
colonize the water-cooled side of metal surfaces in heat
exchangers and reduce heat exchange efficiency. The
resultant biofilm insulates against heat exchange so
effectively that exchange efficiency can be gradually
reduced to as low as <10% of designed values (Costerton et
al., 1987). Microorganisms which are able to survive the
heat step can form biofilms on processing equipment further
down the processing line. Biofilm can become dislodged and
contaminate post processed food resulting in decreased
product shelf-life and potential safety problems for

consumers (Criado et al, 1994).

14



Once a biofilm becomes established on a food product
contact surface, the thick mat of polysaccharide and
proteinaceous fibers act as a barrier to cleaners and
sanitizers. In the dairy industry, Clean-in-place (CIP) is
the most common means of continuously cleaning and
sanitizing product processing equipment. CIP systems have
been shown to adequately clean and sanitize processing
equipment. CIP systems must be operated for the designated
times and at the designated temperatures recommended by
manufacturers of detergents and sanitizers (Dunsmore et al.,
1981la). If these strict guidelines are not followed a
biofilm could develop and the CIP cleaning system would no
longer have the ability to remove contaminating bacteria
fouling processing lines. Resistance of bacteria in a
biofilm to heat and sanitizers is covered more extensively
later.

Notermans and Kampelmacher (1974) studied the

attachment of E. coli, Lactobacillus brevis, a Klebsiella

species and three Pseudomonas species to the skin of broiler

chickens. As chicken meat is prepared for shipment to
consumers, carcasses are dipped in a washing solution at
poultry processing plants. This washing solution can be a
source of cross contamination of microorganisms from carcass

to carcass. Biofilms on the skins of the birds slough off

15



into the wash solution and contaminate the next bird to be
rinsed. Dickenson and Koohmarie (1989) reported adherence of

Bacillus subtilis, E. coli 0157:H7, L. monocytogenes,

Salmonella typhimurium, S. marcescens, S. aureas, and S.

epidermidis to the surfaces of both lean and fat red meat

tissue. Poultry skin and the surfaces of red meats

containing E. coli 0157:H7, Salmonella sp., S. aureus, L.

monocytogenes or other pathogens present in a biofilm are a

source of cross contamination in the home and illness to

consumers.

16



Chapter 2: Pseudomonas fluorescens

Milk is rich in nutrients and has a pH close to
neutrality; both factors make for a highly preferred media
for growth by many microorganisms (Criado et al, 1994).

Pseudomonas species are psychrotrophs and are the

predominant organisms found in cold stored milk (Cousin,
1982). Present day collection and storage of raw milk in
refrigerated tanks has lead to improvement in the
bacteriological quality of milk. However, refrigeration
temperatures allow the growth of psychrotrophic bacterisa,
many of which are able to produce thermostable extracellular
proteases and lipases which decrease product acceptability
and shelf-life. Lipolysis and proteolysis of milk products

by Pseudomonas species have been associated with a bitter

flavor and rancidity as well as a fruity odor. In cottage
cheese, Pseudomonads produce a slimy curd defect on the
surface and a fruity, putrid or rancid odor (Fairbairn and
Law, 1986, Law et al., 1979).

A. Characteristics

P. fluorescens, biovar I, ATCC # 13525 is the type

strain for this genus species. This organism can be isolated
from soil and water, after enrichment in media containing

various carbon sources and incubated aerobically (Palleroni,
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1984) . Since members of the genus Pseudomonas are aerobic,
they possess a strictly respiratory type of metabolism with

oxygen as the terminal electron acceptor. P. fluorescens is

commonly associated with spoilage of foods such as eggs,
cured meats, fish and milk, and is often isolated from

clinical specimens (Palleroni, 1984). The optimum growth
temperature is between 25 to 30 °C, but also has the ability
to grow between 4 °C and 40 °C. Some distinguishing

characteristics of P. fluorescens are motility by one or

more polar flagella, production of oxidase, gelatin
liquefaction and production of lechithinase which can be
viewed on egg yolk agar by zones of clearing. No fimbriae

have been observed in strains of P. fluorescens. (Palleroni,

1984).

Fluorescent pigments, pyocyanin and pyoverdin, are
produced abundantly by fluorescent Pseudomonads in media of
low iron content. Depending on the pigment, fluorescence
varies from white to blue-green upon excitation with
ultraviolet radiation. Pyocyanin, the pigment produced by

Pseudomonas aeruginosa, can be visualized using wavelengths

of 400 nm or lower. Pyoverdin, the fluorescent pigment

produced by P. fluorescens, can be distinguished from other

fluorescent pigments by examination of the cultures on solid
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