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Abstract

This thesis has two items: biofouling and antifouling in paper industry. Biofouling means

unwanted microbial accumulation on surfaces causing e.g. disturbances in industrial

processes, contamination of medical devices or of water distribution networks. Antifouling

focuses on preventing accumulation of the biofilms in undesired places.

Deinococcus geothermalis is a pink-pigmented, thermophilic bacterium, and extremely

resistant towards radiation, UV-light and desiccation and known as a biofouler of paper

machines forming firm and biocide resistant biofilms on the stainless steel surfaces.

The compact structure of biofilm microcolonies of D. geothermalis E50051 and the adhesion

into abiotic surfaces were investigated by confocal laser scanning microscope combined with

carbohydrate specific fluorescently labelled lectins. The extracellular polymeric substance in

D. geothermalis microcolonies was found to be a composite of at least five different

glycoconjugates contributing to adhesion, functioning as structural elements, putative

storages for water, gliding motility and likely also to protection. The adhesion threads that D.

geothermalis seems to use to adhere on an abiotic surface and to anchor itself to the

neighbouring cells were shown to be protein. Four protein components of type IV pilin were

identified. In addition, the lectin staining showed that the adhesion threads were covered with

galactose containing glycoconjugates. The threads were not exposed on planktic cells

indicating their primary role in adhesion and in biofilm formation.

I investigated by quantitative real-time PCR the presence of D. geothermalis in biofilms,

deposits, process waters and paper end products from 24 paper and board mills. The primers

designed for doing this were targeted to the 16S rRNA gene of D. geothermalis. We found D.

geothermalis DNA from 9 machines, in total 16 samples of the 120 mill samples searched for.

The total bacterial content varied in those samples between 107 to  3  ×1010 16S rRNA gene

copies g-1. The proportion of D. geothermalis in those same samples was minor, 0.03 – 1.3 %

of the total bacterial content. Nevertheless D. geothermalis may endanger paper quality as its

DNA was shown in an end product.

As an antifouling method towards biofilms we studied the electrochemical polarization. Two

novel instruments were designed for this work. The double biofilm analyzer was designed for

search for a polarization program that would eradicate D. geothermalis biofilm  or  from
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stainless steel under conditions simulating paper mill environment. The Radbox instrument

was designed to study the generation of reactive oxygen species during the polarization that

was  effective  in  antifouling  of D. geothermalis. We found that cathodic character and a

pulsed mode of polarization were required to achieve detaching D. geothermalis biofilm from

stainless steel. We also found that the efficiency of polarization was good on submerged, and

poor on splash area biofilms. By adding oxidative biocides, bromochloro-5,5-

dimethylhydantoin, 2,2-dibromo-2-cyanodiacetamide or peracetic acid gave additive value

with polarization, being active on splash area biofilms. We showed that the cathodically

weighted pulsed polarization that was active in removing D. geothermalis was also effective

in generation of reactive oxygen species. It is possible that the antifouling effect relied on the

generation of ROS on the polarized steel surfaces.

Antifouling method successful towards D. geothermalis that  is  a  tenacious  biofouler  and

possesses a high tolerance to oxidative stressors could be functional also towards other

biofoulers and applicable in wet industrial processes elsewhere.
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Tiivistelmä

Biofilmit, pintoihin tarttuvat ja niillä kasvavat mikrobit, ovat haitallisia kasvaessaan ihmisen

kannalta väärissä ympäristöissä. Tällaisia ovat teollisuuden kosteat pinnat, joissa on biofilmit

voivat hidastaa prosessien toimintaa (puhdistuskatkot), liata ja vahingoittaa prosessin

laitteistoa (biokorroosio) ja pilata lopputuotteiden laatua. Väitöskirjassani tutkin biofilmiä

muodostavan Deinococcus geothermalis-bakteerin kiinnittymistä teräs- ja lasipintoihin sekä

sen esiintymistä paperi- ja kartonkikoneiden biofilmeissä. Haitallisista biofilmeistä pyritään

pääsemään eroon. Me tutkimme biofilmin poistoa teräspinnoilta menetelmällä, jossa

ruostumatonta terästä polarisoidaan sähköllä. Testibiofilminä tässä tutkimuksessa käytimme

D. geothermalis-bakteeria.

D. geothermalis-bakteerin muodostamaa pinkin väristä, sitkeää biofilmiä on aiemmissa

tutkimuksissa löydetty paperitehtaiden märän pään roiskealueiden pinnoilta. Tutkin

kvantitatiivisella PCR-menetelmällä D. geothermalis bakteerin esiintymistä 24:stä eri paperi-

ja kartonkikoneista eristetyistä värillistä biofilmeistä ja saostumista sekä prosessivedestä että

lopputuotteiden väriläiskistä. Näytteistä eristetystä DNA:sta tutkittiin D. geothermalis-

bakteerin läsnäoloa mittaamalla sen 16S rRNA geenimäärää spesifisten alukkeiden avulla.

Tutkimus paljasti, että tehtailta kerätyistä näytteistä vain 10 % sisälsi D. geothermalis-

bakteerin DNA:ta. D. geothermalis-bakteerin 16S rRNA geenin osuus positiivisissa

näytteissä oli pieni, vain 0.03 - 1.3 % bakteerien 16S rRNA geenien lukumäärästä. Tästä

huolimatta D. geothermalis voi pilata lopputuotteiden laatua, sillä sitä löytyi satunnaisesti

lopputuotteiden väriläiskistä.

D. geothermalis-bakteeri kiinnittyy lujasti elottomiin pintoihin. Biofilmi muodossaan monet

bakteerit tuottavat solunulkoista, polysakkaridia sisältävää lima-ainesta. D. geothermalis

tuottaa solunulkoista lima-ainesta vain niukasti. Käytin fluoresenssileimattuja,

hiilihydraattispesifisiä lektiinejä ja konfokaalilasermikroskooppia biofilmin rakenteellisen

polysakkaridiaineksen ja kiinnittymisen tutkimiseen. Havaitsimme, että biofilmin

polysakkaridipitoinen aines oli järjestäytynyt viiteen erilaiseen vyöhykkeeseen, jotka voivat

auttaa bakteeria kiinnittymään elottomaan pintaan, toimivat biofilmin rakenteellisina osina tai

mahdollisena vesivarastona sekä antavat suojaa biofilmin bakteereille. Elottomiin pintoihin ja

toisiin soluihin kiinnittyessään D. geothermalis-solut tuottavat erityisiä tarttumisrihmoja.

Selvitimme näiden tarttumisrihmojen rakennetta proteomiikan avulla. Rihmat sisälsivät

neljää proteiinia, jotka ovat ominaisia tyypin IV pilin rakenteille. Rihmoja ei esiintynyt
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planktisilla soluilla mikä viittaa siihen, että solut käynnistävät niiden tuoton tarttuessaan

pintaan. Aiemmin Deinococcus suvun bakteereilta tyypin IV pilia ei ole löydetty.

Sähkökemiallista biofilmin poiston tutkimusta varten suunnittelimme ja rakensimme

laboratorio-mittakaavaisen laitteiston ”Double Biofilm Analyzer (DBA) sekä ”RadBox”

laitteen. DBA-laite mahdollisti useiden eri sähkökäsittelyjen samanaikaisen tutkimisen. D.

geothermalis-bakteeri kestää ionisoivaa ja ultraviolettisäteilyä, kuivuutta sekä monia

biosideja. Tutkimustulokset osoittivat, että katodinen tai katodisesti painotettu pulssitettu

(anodinen ja katodinen vuorottelu) polarisaatio irrottivat biofilmin tehokkaasti teräksen

pinnalta nestepinnan alapuolella, mutta ei ilman ja nesteen rajapinnalta. Kun hapettavia

biosideja (peretikkahappo, 2,2–dibromi-2-syanoasetamidi, bromi-kloori-5,5-

dimetyylihydantoiiini) käytettiin yhdessä katodisesti painotetun, pulsittavan polarisaation

kanssa, irtosi myös roiskealueiden deinokokki biofilmit.

Osoitin Radbox-laitteella, että polarisaation aikana muodostuu happiradikaaleja. Radikaalien

todentamiseen kehittämässämme menetelmässä hyödynnettiin happiradikaalien kanssa

reagoivia fluoresoivia väriaineita, joiden fluoresoivaa signaalia mitattiin reaaliajassa.

Happiradikaalit ovat reaktiivisia hapettimia ja sellaisina aiheuttavat solutuhoa. Radikaalien

muodostuminen pinnalla on se tekijä, jonka oletamme aiheuttavan deinokokki biofilmien

irtoamiseen sähköisesti polarisoidulta pinnalta.

Sähkökemiallinen polarisaatio tarjoaakin vaihtoehdon ja/tai lisätehoa biosidien käytölle ja

mekaanisella puhdistukselle eri teollisuusympäristöissä tapahtuvaan biofilmin poistoon.
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1  Review of the literature

1.1  Biofilm

Biofilms  are  a  common  mode  of  growth  for  most  microorganisms.  Biofilm  is  defined  as  a

community of sessile surface-associated micro-organisms embedded in a self-produced slime

or other extracellular polymeric substance (EPS) (Reviewed by: Donlan, 2002; Costerton,

2007). Bacterial colonization starts by the attachment of single cells or cell aggregates onto a

surface. The cells grow and develop to three-dimensional micro-colonies and further form

complex communities with differentiated cells and interstitial water channels transporting

nutrients and wastes (Fig 1.) (Lawrence et al., 1991; Stoodley et al., 2002). Due to the

diversity of species and of the requirements of microorganisms for growth, biofilms vary

between species (Lemon et al., 2008; for a review, see Branda et al., 2005) although biofilms

rarely grow as monocultures in environments other than the tissues of man or animals. Mixed

culture biofilms are found from many environments, ranging from slippery river rocks to

extreme such as highly radioactive or salty places, surfaces of living organisms or industrial

environments and implant devices of patients. Unwanted surface attached microorganisms

cause serious disturbance of medical devices, in water distribution networks, and in water

using industry (Väisänen et al., 1998; Reviewed by Flemming, 2002 ad by Hall-Stoodley et

al., 2004). Multispecies biofilms are ubiquitous as components of many ecosystems. Those

involved in the biochemical cycling of elements (Ehrlich & Newman, 2009) can be employed

in waste water treatment (Kaksonen et al., 2003), bioremediation (Singh et al., 2006,), in

mining (Review of Rawlings & Johnson, 2007). Others are useful in biotechnical applications

for production of substances or chemicals (Rosche et al., 2009) or constructed into microbial

fuel cells for bioenergy production as reviewed by Lovley (2008).

Biofilm mode of life is beneficial for microorganisms. Important features of biofilms are their

high resistance against environmental stressors such as antimicrobials (Nickel et  al., 1985;

Byun et al., 2007). Compactness and the high cell density have been suggested to facilitate

genetic exchange and cell-to-cell signalling (Costerton, 2007).

Bacteria can have competitive interactions in mixed biofilms. Living in tight community can

limit space and nutrients. Rapid growers can deplete the nutrient reservoirs and outcompete

slow-growers (Reviewed by Nadell et al., 2009). Some bacteria can prey on other bacteria as

shown with Bdellovibrios that can attach to surface of other gram-negative bacteria and kill

them (Núñez et al., 2005). Certain microbial species can dominate e.g. by producing



Review of the Literature

17

antimicrobial compounds.  In oral biofilms Streptococcus gordonii and S. sanguis produce

hydrogen peroxide to inhibit the growth of S. mutans (Ashby et al., 2009).

Figure 1. The classical “mushroom” model of the  structural  heterogeneity  of  a  mature

biofilm. Biofilm consists of microcolonies built from cells and EPS and a network of water

channels (Courtesy of Center for Biofilm Engineering, Montana State University, Bozeman).

1.2  EPS of the biofilm

EPS is believed to act as the glue and molecular sieve in biofilms holding the cells together

and interacting with the environment by attaching the microcolonies onto the surfaces

(Reviewed by: Branda et al., 2005; Flemming & Wingender 2010). Other main functions of

the EPS are listed in Table 1.

Highly hydrated and heterogeneous EPS varies in chemical and physical properties between

organisms.  The  EPS  matrix  mainly  consists  of  a  mixture  of  polysaccharides  but  holds  also

proteins, glycoproteins, glycolipids and extracellular DNA (eDNA) (Flemming et al., 2007).

Therefore EPS can contain positively and negatively charged regions (Wolfaardt et al., 1998)

as well hydrophobic and hydrophilic regions.

Conventionally exopolysaccharides has been specified as cell surface or capsular

polysaccharides or exopolysaccharides but the distinction in biofilms is not very clear (a

review by Branda et  al., 2005). Production of exopolysaccharides is wide in biofilms for a

review, see Sutherland, (2001). Polysaccharides can be homopolysaccharides such as

cellulose (Zogaj et al., 2001; Seto et al., 2006), levan (Osman et al., 1986; Laue et al., 2006)

and dextran (Leathers & Bischoff 2010) or heteropolysaccharides majority being anionic
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polysaccharide like alginate (Fett & Dunn 1989; Chang et al., 2007) and colanic acids (Rättö

et al., 2006) or neutral and cationic such as -1,6-linked N-acetylglucosamine of the

polysaccharide intercellular adhesin (PIA) or related poly-N-acetylglucosamine (PNAG) of

Staphylococcus epidermidis and S. aureus (Mack et al., 1996; and a review by Götz et al.,

2002).

Extracellular glycolipid production is essential for the adherence of Acidithiobacillus

ferreoxidans to pyrite surfaces during biocorrosion/bioleaching (Sand & Gehrke 2006). In

Pseudomonas aeruginosa rhamnolipid was suggested to affect the structure of biofilm by

maintaining the water-channels open during biofilm development (Davey et al., 2003).

EPS can contain enzymes produced by the biofilm bacteria. These enzymes may be targeted

for degrading or modifying EPS (Tielen et al., 2010) for e.g. detachment as in Actinobacillus

actinomycetemcomitans cells that produces DspB protein which hydrolyses the 1,4 glycosidic

bond of N-acetylglucosamine and may result cells releasing from the biofilm (Kaplan et al.,

2003). Enzymes may protect as shown for Pseudomonas aeruginosa that produces antibiotic-

degrading -lactamase in biofilm thus providing resistance towards -lactam treatment

(Bagge et al., 2004).

In the recent years extracellular DNA (eDNA) has been found in EPS of Pseudomonas

aeruginosa, Staphylococcus strains and environmental isolate (F8). It has been suggested to

have role as the structural stabilizer in biofilm matrix but also an important role in the initial

adhesion (Whitchurch et al., 2002; Bockelmann et al., 2006; Das et al., 2010). The complex

EPS matrix is stabilized by physicochemical interactions: hydrogen bonds, cation bridging,

and van der Waals forces. Repulsive forces are important for the biofilm structure in

preventing the polymer network from collapsing (Mayer et al., 1999).

Depending on the environment where biofilms develop the matrix can additionally contain

e.g. metal ions, divalent cations, humic substances, and organic or inorganic materials from

the environment (Frolund et al., 1995; Jiao et al., 2010). Paper mill slimes may contain non-

microbial components such as inorganic or organic process raw materials (fibres),

papermaking chemicals, pigments or e.g. alum precipitated as aluminum hydroxide (Eklund

& Lindström, 1991; Mattila, 2002; Kanto Öqvist et al., 2008).
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Table 1. EPS functions in biofilms. Modified from the review of (Flemming & Wingender,

2010).

Putative function
of EPS

Biomolecules responsible
of EPS function

Reference

Adhesion to the surfaces
and other microorganims

Polysaccharides, proteins, DNA (Allison & Sutherland, 1987)
(Das et al., 2010)

Protective barrier Polysaccharides, proteins (De Beer et al., 1994)
(Stewart et al., 2000)

Water reservoir

Sorptive of organic and
inorganic compounds, ion
exchange

Nutrient source (carbon,
nitrogen and phosphorus)

Exchange of genetic
material

Hydrophilic polysaccharides

Charged polysaccharides,
inorganic substituent

All EPS

DNA

(Christensen & Characklis,
1990)
(Wolfaardt et al., 1998)
(Freeman et al., 1995)

(Flemming & Wingender,
2010)

(Hausner & Wuertz, 1999)

Enzymatic activity
Binding of enzymes

Polysaccharides and enzymes (Väisänen et al., 1998)

Electron donor or
acceptor

Conductive nanowires and pilin
for extracellular electron transfer

(Gorby et al., 2006)
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1.3  Factors influencing microbial attachment to abiotic surfaces

Factors and forces that are generally believed to play a role in microbial attachment include

hydrophobicity, surface charge, hydrodynamics, cell surface appendages and surface material.

These are discussed below.

As soon as any surface faces an aqueous environment it begins to interact with the inorganic

and organic substances present in that liquid. The absorbed layer, called the conditioning film

can alter the charge, hydrophobicity and the free energy of the substratum (Bakker et  al.,

2003; Bakker et al., 2004). Organic and inorganic substances as well as cells in the liquid

flow approach the surface driven by brownian motion, diffusion, gravitation (sedimentation)

or turbulent flow (Characklis, 1990). Motile cells can use their flagelli to approach the

surface (O'Toole & Kolter, 1998; Lemon et al., 2007).

The interaction between the cells and the substratum is influenced by different forces.

Simplifying, the initial adhesion of the cells is driven by the attractive weak forces Lifshitz-

van der Waals forces, hydrophobic interactions and electrostatic forces, which may be

repulsive or attractive reviewed by Carpentier et al. (Carpentier & Cerf, 1993). The overall

interaction is the sum of these forces and the surfaces either attract or reject each other.

In close proximity to a surface the initially reversible adhesion of microorganisms may

change towards the irreversible. The cellular surface structures such as flagelli, fimbriae or

self-produced EPS may overcome the electrostatic repulsion and adhesion to the substratum

may occur.

1.3.1  Physicochemical properties of the bacterial cell surface

Bacteria are generally negatively charged at environmental pH values due to the presence of

functional groups: carboxylic, amine and phosphate residues and proteins on the cell wall,

(Plette et al., 1995; Ojeda et  al., 2008). Hydrophobicity of a cell surface depends on the

exposed residues such as proteins, lipids, polysaccharides.

Physicochemical properties vary between the strains and even between the substrains of the

same species as shown for Listeria monocytogenes strains (Chae et al., 2006). When 50

strains of Lactococcus lactis was studied under the same conditions of those strains the cell

surface character was evaluated hydrophilic and electronegatively charged for 52 %, 12 %

were hydrophobic and 18 % had low surface charge (Giaouris et al., 2009).
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Electrostatic attractive force occurs when e.g. negatively charged bacteria interact with

positively charged substratum and repulsive when both surfaces are negatively charged.

Electrostatic forces can be affected by the dissolved cations and anions. Electrostatic

attraction increases with high ionic concentration but also the adhesion of negatively charged

cells to a negatively charged substratum increases suggesting that repulsive forces are

attenuated by the ionic strength neutralizing the natural charge of the cells (Jucker et al., 1996;

Sheng et al., 2008; Giaouris et al., 2009). Electrorepulsive interaction can be created by

manipulating the charge of the substratum by cathodic current (Poortinga et al., 2001).

Van Loosdrecht (van Loosdrecht et al., 1987) proposed that hydrophobicity of the cell

surface is the key factor in bacterial attachment to a nonliving surface. In an aqueous media,

hydrophobic substances tend to interact with other hydrophobic substances. Several studies

have  shown  that  hydrophobicity  correlates  with  the  adhesion  of  different  cells;  spores  and

stationary phase vegetative cells of Bacillus cereus, waterborne wild-type of Mycobacterium

smegmatis, strains of Listeria monocytogenes and Lactococcus lactis, adhering more

effectively to abiotic surfaces than cells that were less hydrophobic or were hydrophilic

(Husmark & Rönner, 1992; Peng et al., 2001; Giaouris et al., 2009; Takahashi et al., 2010;

Mazumder et al., 2010). On the other hand there are studies showing that hydrophobicity did

not correlate with the adhesion or biofilm formation, e.g. L. monocytogenes strains for which

the production of EPS was suggested significant in the adhesion (Chae et al., 2006) or

Escherichia coli strains which were hydrophilic and adhered effectively to a hydrophilic

surface (Rivas et al., 2007).

The interactions between bacterial cells and the substratum are difficult to evaluate on the

basis of hydrophobicity or surface charge because there are other properties involved such as

surface appendages, EPS and roughness or topography of the substratum and hydrodynamics.

1.3.2 Cell surface appendages; flagelli, fimbriae and pili

Table 2 compiles studies of cell surface appendages involved in adhesion and biofilm

formation on abiotic surfaces. Bacterial flagelli are long (15-20 µm) and thin (10-20 nm)

appendages extruding from the cell surface located polarly, laterally or peritrichously.

Flagelli are used by bacteria for swimming and swarming, multicellular moving along a

surface (Jarrell & McBride, 2008). Motility is important for bacteria to approach the

substratum and for the initial attachment as reviewed by Harshey (Harshey, 2003).
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Proteinaceous, non-flagellar, multi-subunit appendages on the outer surface of the bacteria

are  called  pili  (Latin,  hairs,  hair-like  structures)  and  fimbriae  (Latin,  threads).  They  are

employed in attachment, virulence, invasion, biofilm formation, twitching and gliding

motility and DNA uptake (Fronzes et al., 2008). The review of Fronzes (2008) divided the

pili of gram-negative bacteria into five groups based on their assembly pathways; chaperone-

usher (CU) pili, Type IV pili (Tfp), curli pili and secretion pili type II and IV. Tfp are found

widespread among - (Neisseria gonorrhoeae),  -  (Pseudomonas aeruginosa)  and  -

(Myxococcus xanthus) proteobacteria and the cyanobacteria (Synechocystis sp.) (Nudleman &

Kaiser, 2004).

Interesting is the Tfp of Geobacter sulfurreducens (DL-1) that transfers electrons to insoluble

electron acceptors such as Fe(III) oxides, but also have a non-conductive role in attachment

to electron-accepting surface and in biofilm formation when the surface is not an electron

acceptor (Reguera et al., 2007). Similar conductive “nanowire” has been found in Shewanella

oneidensis (Gorby et al., 2006) but the biofilm formation is linked to Tfp (Thormann et al.,

2004).

Protein structures can affect the charge and the hydrophobicity of the bacterial cell surface

and thus have an influence on the adhesion. Type I pilus of E. coli were shown to increase the

hydrophobicity of the cell surface but it did not correlate with the initial adhesion compared

under static conditions to non-fimbriated strains whether the substratum was hydrophobic or

hydrophilic. However fimbriated E. coli strains were found to strengthen the adhesion to the

hydrophobic surface (Otto et al.,  1999).  In  static  conditions  the  flagellar  motility  of L.

monocytogenes was  not  important  in  the  initial  adherence  to  a  surface  of  hydrophobic

polyvinyl chloride (PVC), suggesting that the influence of motility depends on the substratum

material, whether it has physicochemical properties similar to the cell surface (Takahashi et

al., 2010). Contradictory results were shown with B. cereus, where motility was important for

the initial adhesion to glass in static conditions but not in flow, suggesting that the flagelli

hindered the interaction between the cell surface and the substratum (Houry et al., 2010). In

glucose minimal medium standing cultures of P. aeruginosa type IV pili mutant adhered to

abiotic surfaces but microcolony formation failed whereas under flow conditions

microcolony formation occurred (Pratt & Kolter, 1998). As a conclusion, bacterial adhesion

to the substratum is a complex collection of interactions where everything seems to affect

everything.
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Table 2. Examples of cell surface appendages involved in the adhesion and biofilm formation

on abiotic surfaces.

Surface appendages

involved in adhesion

Strain Reference

Flagella Pseudomonas aeruginosa

Escherichia coli

Vibrio cholerae

Listeria monocytogenes

Aeromonas

(O'Toole & Kolter, 1998)

(Pratt & Kolter, 1998)

(Lemon et al., 2007)

(Vatanyoopaisarn et al., 2000)

(Gavin et al., 2002)

Type 3 pilus Klebsiella pneumoniae (Di Martino et al., 2003)

Type I pilus Escherichia coli (Pratt & Kolter, 1998)

conjugative pili Escherichia coli (Ghigo, 2001)

Type IV pilus Pseudomonas aeruginosa

Vibrio parahaemolyticus

Clostridium perfringens

Shewanella oneidensis

Acidovorax citrulli

Geobacter sulfurreducens

(O'Toole & Kolter, 1998)

(Shime-Hattori et al., 2006)

(Varga et al., 2008)

(Thormann et al., 2004)

(Bahar et al., 2010)

(Reguera et al., 2007)

Curli fimbriae Escherichia coli

Salmonella enteritidis

(Cookson et al., 2002)

(Austin et al., 1998)

Pilus-like

filaments

Geobacter sulfurreducens (Klimes et al., 2010)

1.4  Microbial growth in paper industry

Microorganisms enter the papermaking process via air, raw materials or chemicals (water,

starches, kaolins, carbonates, pulps). The recycled fibers used in paper making may contain

108 - 1010 cfu of aerobic microorganisms per gram d.w (Suihko & Skyttä, 1997).

Microbial growth causes four types of problems in paper industry shown in Table 3. Biofilm

formation on undesired surfaces (Fig. 2) may impair the papermaking process in wet end,

slimy clumps and pigments endanger the product quality, microbial metabolites spoil raw

materials and chemicals and smelling compounds cause odor problems both in end products
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and in the environment. The density of culturable, aerobic heterotrophic bacteria in the wet

end circuits have been shown to range from 105 cfu  per  ml  (white  water)  to  108 cfu per ml

(raw material slurries) but is lower in the paper products, 50 to 104 cfu per g (Väisänen et al.,

1991; Väisänen et al., 1998).

In the studies of Granhall (2010) and Lahtinen (2006) cultivation-independent methods was

used to analyze microbial composition of biofilms and process water in paper machines. They

both found that bacterial profiles in biofilms and process waters differed from each others in

different paper machines. They also revealed bacterial 16S rRNA sequences not found before

from slimes.  According to the authors not all  bacteria are responsible for biofilm formation.

Those bacteria capable of initiating biofouling have been recognized from steel surfaces of

the Nordic paper machine environments; Deinococcus geothermalis, Meiothermus silvanus,

Burkholderia spp., Rubellimicrobium thermophilum, Rhodobacter, Tepidimonas and

Cloacibacterium (Kolari et al., 2002; Kolari et al., 2003; Denner et al., 2006; Tiirola et al.,

2009). The primary-biofilm formers have a key role in assisting secondary biofoulers and

when planning antifouling strategy.

Packaging of foods has increased in recent years. This is a concern also for hygiene quality of

the end products of paper mill. Gram-positive endospore forming genera e.g. Bacillus,

Brevibacillus and Paenibacillus can survive the high temperature of paper machine circuits,

desiccation and as spores the biocidal treatments. These bacteria are found in paper machine

slimes and in end products such as food packaging boards (Väisänen et al., 1991; Pirttijärvi et

al., 1996; Suihko et al., 2004). Paper products have been shown to contain up to 105

culturable bacilli (Paenibacillus and Bacillus) spores per g (Väisänen et al., 1991; Pirttijärvi

et al., 1996). Ekman et al. (2009) reported that of the 3 × 104 or 8 × 104 Bacillus spores 0.001

to 0.03 % transferred from the packing paper to dry food (rice and chocolate).

At present the need for protecting the environment directs the paper mills towards reducing

the fresh water intake. In paper machines where freshwater intake was very low or the water

circuit totally closed high density  108 / ml of Archaean and low diversity of bacteria were

found in slimes and deposits (Kanto Öqvist et al., 2008). Slimes and deposits were not the

main problem in these mills, but there were odour problems in the products and in the

surroundings of the mills. The circulating waters of the closed paper mills contained volatile

fatty acids (lactic, acetic, propionic, butyric) as a consequence of anaerobic bacterial activity

(Kanto Öqvist et al., 2008).
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Figure 2. Confocal laser scanning images of biofilms on stainless steel coupons immersed in

the water circuit of a paper machine for A) 3 d, (thickness of the biofilm 21 µm) and B) 10 d

(thickness 37 µm). Biofilm microorganisms (green) were visualized by staining with the

DNA dye Sybr Green. Large particles seen as brownish colour (A) or yellowish (B) are wood

fibres emitting autofluorescence. Structures visible on the stainless steel surface (grey) result

from the reflecting light (panel A). Scale bars 50 µm.
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Table 3. Examples of bacteria causing problems in paper machines

Problem  Microorganims Reference
Deposit, slimes, runnability
problems, clogging of felts

Bacillus cereus, Bacillus coagulans, Bacillus
licheniformis, Enterobacter, Klebsiella pneumoniae,
Microbacterium spp., Burkholderia cepacia, Aerobacter
aerogenes, Acinetobacter spp., Pseudomonas spp.,
Citrobacter spp., Pseudoxanthomonas,
Rubellimicrobium thermophilum, Meiothermus,
Methanothrix, Brevundimonas vesicularis,
Paenibacillus stellifer, Pseudoxanthomonas taiwanensis

(Hughes-Van Kregten, 1988;  Chaudhary et al.,
1997; Väisänen et al., 1998;   Desjardins & Beaulieu,
2003; Suihko et al., 2004; Rättö et al., 2005; Denner
et al., 2006; Ekman et al., 2007; Kanto Öqvist et al.,
2008)

Holes, pigment spots or sheet
breaks and hygienic quality
of the paper product

Bacillus cereus, Bacillus megaterium, Bacillus pumilus,
Bacillus licheniformis, Paenibacillus stellifer,
Paenibacillus  validus, Paenibacillus polymyxa,
Paenibacillus spp., Brevibacillus brevis, Enterobacter
spp., Clostridium spp. Bacillus spp, Meiothermus spp,
Deinococcus geothermalis

(Väisänen et al., 1991; Pirttijärvi et al., 1996;
Suominen et al., 1997; Väisänen et al., 1998; Kolari
et al., 2001; Raaska et al., 2002;  Suominen et al.,
2003;  Kolari et al., 2003; Suihko et al., 2004, 2005;
Ekman et al., 2007)

Spoilage of starch or
chemical additives

Fungi (Aspergillus), Bacillus licheniformis,
Sphingomonas sp., Burkholderia, Pseudomonas
stutzeri, Ralstonia, Enterobacteria, Brevibacillus spp.

(Väisänen et al., 1998)

Odor problems Desulfovibrio spp., Enterococci, Clostridium spp.,  H2S
producers

(Suihko et al., 2005; Maukonen et al., 2006; Kanto
Öqvist et al., 2008)
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1.5 Deinococcus geothermalis in paper machine environment

Paper machine wet end is a man-made ecosystem offering all the requirements needed for

microbial growth. Raw materials, degradable starch and cellulose are abundantly available

and the chemicals used in papermaking may serve as nutrients as well. Based on analyses of

Väisänen et al., (1994) the white water carbon content of five board and paper machine is

high, from 30 - 80 mg l-1 up to 600 - 800 mg l-1, but the content of nitrogen is low, the C:N

ratio ranging from 40:1 to 90:1. The content of phosphorus ranged from 0.13 to 0.5 mg l-1.

Paper machines operate at temperatures from 35 °C to 55 °C at the wet end and with pH 4 to

9. These are optimal for microbial growth (Väisänen et al., 1994; Kolari et al., 2003;

Lahtinen et al., 2006; Kanto-Öqvist et al., 2008).

D. geothermalis is a tenacious species originally found in geothermal wells (Ferreira et al.,

1997),  later  also  from  soil  of  the  hot  springs  area  (Kongpol et al., 2008), from deep ocean

subsurface (Kimura et al., 2003) and  from paper machines (Väisänen et al., 1998; Kolari et

al., 2003; Kolari 2003). D. geothermalis was identified as a pigmented biofouler of the wet

end of neutral and acidic paper machines. It was found by cultivating as well as in situ-

hybridization mainly from slimes and splash areas of wire sections but also from the

circulation water, machine felts, pulp sheets, press cylinder and headbox from different

machines  (Väisänen et al., 1998; Kolari et al., 2003; Kolari 2003). Pink coloured biofilms of

D. geothermalis may cause discolouring of paper products as was shown for Meiothermus

spp. (Ekman et al., 2007). It may also play a role as a primary biofilm-former and assisting

other, secondary biofilm formers such as Bacillus strains to adhere and form biofilm (Kolari

et al., 2001).

D. geothermalis belongs to the family of Deinococcaceae in the Phylum Deinococcus-

Thermus. This Phylum is deeply branched in the bacterial phylogenetic tree (Gupta, 1998).

The family Deinococcaceae comprises  over  forty  validly  described  species  of  which  many

are extremely radiation-resistant, surviving exposure to ionizing radiation (10 kGy),

ultraviolet light and desiccation (Mattimore & Battista, 1996). Irradiation resistance of D.

radiodurans and D. geothermalis and  also  the  desiccation  resistance  of  dry-climate  soil

bacteria were proposed to result from high intracellular content of manganese ions and low

concentration of iron ions inside the cells (Daly et al., 2004; Fredrickson et al., 2008). Protein

oxidation during irradiation or desiccation is prevented by Mn(II) ions. Thus DNA damage
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can be fixed by repair enzymes (Daly et al., 2007) that are multiply present in the proteome

of D. geothermalis (Liedert et al., 2010). Extensive proteomic analysis of D. geothermalis

strain E50051 cell envelope and cytosol (Liedert et al., 2010) as well as a limited membrane

proteome of D. geothermalis strain 11300 (Tian et  al., 2010) disclosed many of the most

abundant proteins related to stress response (Table 4) e.g. catalase, superoxide dismutase,

thioredoxin dismutase. Furthermore, analysis of the proteome and the annotation of the

genome revealed 34 unknown proteins and genes that were unique to Deinococcus

(Makarova et  al., 2007; Liedert et al., 2010). Liedert et al. (2010) suggested that these

unknown proteins had putative functions related to DNA repair, to stress and halotolerance

and to oxidant reduction supporting the genome annotation (Makarova et al., 2007).

Table 4. Proteins related to tolerance to environmental stress of Deinococcus geothermalis.

Collected from Liedert et al., (2010) and Tian et al., (2010).

Protein Function

Superoxide dismutase (SodA) catalyzes disproportination of superoxide anion to

molecular oxygen and hydrogen peroxide

Catalase (KatA) catalyzes conversion of hydrogen peroxide to water and

gaseous oxygen

Proteins of Suf FeS assembly Suf enzymes repair proteins damage under oxidative

stress

Thioredoxin, thioredoxin reductase involved in the reduction of disulfides and of

methionine sulfoxides exposed to oxidative stress

Heat-shock proteins DnaJ, Hsp70

Chaperone proteins

protect against deleterious effects under stress

assist folding/unfolding of proteins

S-ribosylhomocysteinase (LuxS)

S-layer proteins

involved in bacterial communication, biofilm formation

cell envelope proteins, environmental protection

Chlorite dismutase

ABC transporter

enzyme converting chlorite to chloride

multidrug transport protein, toxic chemical cleaning

The success of D. geothermalis as a biofouler in paper machine environment is supported by

its multiple tools to battle against oxidative stressors, ability to form biofilm, adhesion

threads responsible for the firm attachment to nonliving surfaces and crosslinking to
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neighbouring cells (Kolari et al., 2002; Raulio et al., 2008). D. geothermalis did not detach

when washed 1 h with alkaline and acidic liquids,  such as 0.2% NaOH 0.5 % SDS (sodium

dodecyl sulphate) and even 1M HCl (Kolari et al., 2002; Kolari, 2003). Alkaline aqueous

solutions are used as washing agents to remove microbial deposits in paper industry (Alén,

2007). Genome annotation of D. geothermalis has revealed an additional set of genes

involved in xylose utilization (xylanase, xylose, isomerase xylose kinase) (Makarova et al.,

2001). Xylose is a component of plant hemicellulose and is released into the waters during

pulping (Bjarnestad & Dahlman 2002).

1.6  Strategies of antifouling

Antifouling aims at controlling biofouling, harmful microbial growth on surfaces. The

strategies used include prevention of biofilm growth or attachment and/or promoting

detachment or mechanical removal of the biofilms. In wet industry e.g. in paper machines,

the methods used for controlling biofouling are mainly biocides (microbicides or slimicides)

and mechanical cleaning.

Environmental restrictions in uses of biocides and the resistance of biofilm bacteria towards

the biocides have motivated to search for methods complementary to or replacing biocides.

Biocides may impede biofilms employed for biological waste water treatment respectively.

Large industrial complexes such as paper mills have plenty of surfaces and high volume of in

the wet-end, limiting the application of chemical antifouling treatment. Biodispersants have

been used to improve the efficacy of biocides, to reduce the accumulation of microbial

deposits and to improve penetration of biocides through the EPS (Blanco et al., 1996; Alén,

2007). Enzymes have been used to hydrolyze EPS (Eklund & Lindström, 1991; Chaudhary et

al., 1997; Rättö et al., 2005). Novel techniques such as electrical (Matsunaga et  al., 1998;

Perez-Roa et al., 2009) or ultrasound (Lambert et al., 2010) modulation have been applied to

disturb biofilms or to prevent biofilm formation. Alternatively, designing new surface

materials or coatings with antifouling properties have been in focus for wet industrial

processes. Surface properties such as hydrophobicity, surface topography or antimicrobial

coatings have been studied for industrial application (Raulio et al., 2006; Murata et al., 2007;

Raulio et al., 2008). The photocatalytic TiO2 coatings were shown to destroy D. geothermalis

biofilms on the coated steel surface when exposed to 360 nm light, for 20 h (Raulio et al.,
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2006). Photocatalytic effect is based on reactive oxygen species generated during

illumination of TiO2 with UV light (Cho et al., 2004).

1.6.1  Biocides used in paper mills

The active substances of biocides vary having different antimicrobial activity (Maillard,

2002). Oxidizing as well as non-oxidizing biocides are presently in use at paper machines to

control microbial deposits (Paulus, 1993; Simons & da Silva Santos, 2005). The oxidizing

biocides used in pulp and paper industry include halogenated compounds such as brominated

alkylhydantoin, BCDMH (1-bromo-3-chloro-5, 5-dimethylhydantoine), ammonium-bromide

(NH4Br), as well as non-halogenated oxidizing biocides, peracetic acid and hydrogen

peroxide (Simons & da Silva Santos, 2005). Oxidizing biocides inactivate enzymes

containing sulfhydrul groups or disulfic bridges and damage non-specifically the organic

matrix and weaken the biofilm and also are effective against bacterial spores (Paulus, 1993).

Non-oxidizing biocides have several different modes of action. Thiazols e.g. BIT (1, 3-

benzisothiazolin-3-on) react with cell nucleophiles (Paulus, 1993), nitriles can form

complexes with Fe2+ disrupting the function of cytochromes preventing the transport of

electrons, 2, 2-dibromo-3-nitrilopropionamide (DBNPA) is electrophilic with activated

halogen group (Paulus, 1993; Rossmoore, 2001). Glutaraldehyde interacts with amino and

thiol groups of proteins or lipoproteins. It destroys a broad spectrum of microorganisms

including bacterial and fungal spores, mycobacteria and viruses (Scott & Gorman, 2001;

review of Maillard, 2002). Cationic surfactants, e.g. quaternary ammonium compounds

(QACs) neutralize the negatively charged cell surface causing distortion of the cell membrane

and lysis of the cell (Simoes et al., 2005). Carbamates such as dimethyldithiocarbamate

chelates metal ions essential to the microbial metabolism.

Unsuccessful biocide usage may increase biofilm formation by the resistant biofoulers in a

paper machine (Kolari et al., 2003). The type of machine, chemical composition of the

recycled waters and input of additives, pH, temperature, organic matter content and the

microbiota varies and contribute to the success of the biocide program selected. Due to

resistance and the limited number of usable biocides the trend is to combine biocides for

enhanced effect (Sriyutha Murthy & Venkatesan, 2009). Biocides are in EU regulated by the

Biocidal Product Directive (BPD) 98/8/EC.
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1.6.2  Electrochemical antifouling of biofilms

High electric field is lethal on microorganisms. Electric current was reported to kill

Pseudomonas aeruginosa infecting ulcers when direct current of 200 to 1000 µA was used

(Rowley et al., 1974). Application of the cathodic current was found to suppress the infection

and the anodic current stimulated the healing. A few years later Gordon (Gordon et al., 1981)

demonstrated that cathodic polarization of platinum and copper electrodes enhanced

attachment of marine bacteria and anodic polarization reduced attachment.

In the recent years electrochemical polarization has been exploited to detach biofilm, to

inhibit biofilm growth and to prevent adhesion of microorganisms on pipelines and heat

exchangers of cooling systems and ship hulls in seawater environment as well as on medical

instruments. Table 5 introduces these electrochemical antifouling studies.

Biofilms growing on the medical instruments, implants or percutaneous pins may cause

serious infections and complications that can lead to replacement of the implant. At best 95 %

of the implant-associated Staphylococcus aureus and S. epidermidis strains (1 × 107 bacteria

per cm2) could have been detached from the stainless steel surface by direct cathodic electric

current in 2,5 hour (van der Borden et al., 2004). However, in the further studies van der

Borden et al., (2005) realized that electric block current do not cause tissue damage to the

patients and detached 76 % of the adhered S. epidermidis cells in 1.5 h, whereas direct

current detached 64 %. In addition, the number of viable bacteria persisting on the surface

decreased to one-tenth with block current.

Costerton et al., (1994) and Blenkinsopp et al., (1992) have shown in their studies that

electric current can enhance the effect of antibiotics and biocides. By combining antibiotic

(tobramycin) with electric current left only <100 viable P. aeruginosa cells/cm2 of the sessile

cells in 48 h whereas antibiotic (5 mg L-1) alone remained 5 × 105 per cm2 bacteria viable

(Costerton et al., 1994). Industrial biocides (isothiatzolone, glutaraldehyde and quaternary)

significantly decreased viability of P. aeruginosa biofilms even though the biocide

concentrations were lower than those killing planktic cells indicating synergistic effect of

biocide and electric pulsed current (Blenkisopp et al., 1992).

With high current density (0 to 167 mA /cm2,  1 to 4 V) electrochemical oxidation of water

generates reactive oxidative species (ROS) hydroxyl radical (·OH), ozone (O3), superoxide
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anion (·O2
-) and hydrogen peroxide. Each of these has been shown to disinfect planktic cells

(Kerwick et al., 2005; Jeong et al., 2006; Jeong et  al.,  2009).  This  has  been  seen  as  a

promising alternative for disinfecting drinking water as well as industrial process waters.

Reactive oxygen species are powerful oxidants and therefore short lived (nanoseconds) in

organic matter containing environments. Small amounts of ROS are naturally generated

during aerobic metabolism.

For long term use electrochemical antifouling has been shown effective in environments

where it is more important to maintain surface clean than to kill fouling organisms. In marine

environment cathodic current with alternating potentials accumulated less than 100 g wet wt

per m2 fouling organisms whereas on the corresponding control surface wet wt was 10 kg per

m2 in 2 years (Wake et al., 2006).

Why electrochemical antifouling is effective against bacteria?

Costerton et al., (1992) and Blenkinsopp et al., (1994) hypothesized that low electric current

does not kill biofilm bacteria but offers an electrophoretic force for antimicrobial agents to

overcome the diffusion barrier. Other main hypotheses that come up from research the paper

cited in Table 5 were:

Electrorepulsive,-static and -phoretic forces. External electric field induces motion of

charged objects. Motility depends on strength and charge of the electric field.

Electrorepulsive and/or -static force result when two object of like charge repels each

other.

Repetitive current changes disrupt the cell membrane. Exposure to fast changes of

current  (anodic, cathodic) may cause motility of charged cell membrane

Production of toxic compounds e.g. ROS
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Table 5. Studies of electrochemical antifouling.

Electrochemical program Environment Target biofilm Efficacy Result of the

electric effect

Reference

Cathodic direct current

(DC) 15-125 µA  (1.5 – 1.7

V), electrode (21 cm2)

stainless steel (AISI 316)

Flow chamber,

0.5 - 150 mM

potassium phosphate

buffer (PPB)

Staphylococcus

epidermidis,

Staphylococcus

aureus

Highest detachment 95 %

after 2,5 h with 100 µA

in 1 mM PPB

Electrorepulsive

forces

(van der Borden

et al., 2004)

Cathodic block current 15,

60 and 100 µA, (1.5 – 1.7

V) changing frequency (0.1

– 2 Hz), electrode (21 cm2)

stainless steel (AISI 316)

Flow chamber

0.5 - 150 mM PPB

Staphylococcus

epidermidis

on stainless steel

(AISI 316)

Detachment 76 % with

100 µA (0.1 Hz) after

150 min. Viable bacteria

decreased 10 fold.

Electro-osmotic

fluid flow, block

current may have

disrupted the cell

membrane

(van der Borden

et al., 2005)

Current 50 – 100 mA /m2,

alternating potentials,

titanium electrode

Field experiment in

seawater cooling

pipelines

Seawater fouling

organisms

Average fouling of the

material decreased 100

fold compared to non

protected surface

Most probably the

generation of ROS

(Wake et al.,

2006)

Currents ranging -800 (-0.9

V) to + 800 µA (0.9 V),

glass electrode (21 cm2)

coated with indium tin

oxide (ITO)

Flow chamber,

human whole saliva

Streptococcus

oralis (J22),

Actinomyces

naeslundii T14V-

J1),

Streptococcus oralis J22

detachment when

currents increased

whether positive or

negative current, no

Electrostatic and

electrophoretic

forces

(Poortinga et al.,

2001)
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Actinomyces

naeslundii 147

effect on Actinomyces

naeslundii

Currents; cathodic, anodic,

block (cathodic and anodic

in turns) of 15 µA/cm2, ITO

coated glass electrode  (6.5

cm2)

Flow cell, 20 mM

potassium phosphate

(pH 7.1)

Pseudomonas

aeruginosa (PAO1)

Detachment 80 % with

cathodic and block

current after 40 min,

anodic and block current

inactivated the remaining

bacteria on the surface

Electrostatic and

electrophoretic

forces of cathodic

current.

Inactivation  may

have been caused

by the repetitive

electric current

changes

(Hong et al.,

2008)

DC, potential 10 V, < 100

mA /cm2, polarity changed

every 64 s, stainless steel

(AISI 316), polarization

treatment was combined

with tobramycin (5 mg/L)

Flow cell, salts

medium

Pseudomonas

aeruginosa (UR-

21)

Polarization treatment

combined with

tobramycin resulted

almost complete kill,

<100 viable cells/cm2

Electrophoretic

force allowed

antimicrobial

agents to overcome

the diffusion

barrier

(Costerton et al.,

1994)

-0.5 and - 0.2 V, electrode

glass covered with thin film

of gold

Flow cell, 0.01 M

and 0.1 M NaCl

Pseudomonas

fluorescens (ATCC

17552)

negative potentials

inhibited adhesion

electrorepulsive

forces

(Busalmen & de

Sanchez, 2001)
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2  Aims of the study

This study focused on biofouling by and antifouling of Deinococcus geothermalis in paper

machine environment. This work represents an extension of earlier studies that had shown the

presence of D. geothermalis in paper machine biofilms and the firm adhesion of this species

to abiotic surfaces. I expanded these studies by characterizing the adhesion tools mapping the

EPS architecture and the true prevalence of D. geothermalis in biofilms on paper machines.

To eradicate D. geothermalis we developed a method based on electrochemical antifouling.

Specific aims were to:

1.   To get an overview of the prevalence of Deinococcus geothermalis we measured DNA of

this species in biofilms collected from different locations in paper and board machines in

many different mills.

2.  To describe in situ the architecture of D. geothermalis biofilm on abiotic surfaces.

3. To characterize the molecular tools that D. geothermalis uses to anchor on surfaces.

4. To develop an antifouling method based on electrochemical polarization effective on

deinococcal biofilms as the target.

5. To reveal the mechanisms of the antifouling effect of electrochemical polarization in

non-saline environment we developed a device to document the generation of ROS in

real-time
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3  Materials and methods

3.1  Methods used in this thesis work.
The methods used in this thesis research were as compiled in Table 6.

Table 6. Methods used in this study.

Method Described Reference
in paper

Microscopy methods
Fluorescent staining of biofilms (nucleic II, III
acid and lectins) for CLSM (Neu et al., 2001)
Confocal laser scanning microscopy II, III
Field emission scanning electron microscopy II, III
PCR
Designing of PCR-primers specific for D. geothermalis I
DNA extraction and purification I (Ekman et al., 2007)
Quantifying bacterial biomass using I (Ekman et al., 2007)
QPCR with universal primers for bacteria
Methods and tools developed for this thesis
DBA and RadBox instruments IV
ROS detection with scanning fluorometry IV
Other methods
Sampling I
Growing of biofilms on abiotic surfaces II, III, IV
Image analysis I, II, III and IV
Scanning fluorometry IV
Analysis of biocide susceptibility of biofilms IV
Detection of biofilm removal after electrochemical IV (Kolari et al., 2003)
antifouling
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3.1.1  Instruments and methods developed in this thesis

Double biofilm analyzer (DBA)

The double biofilm analyzer (DBA) was designed and built to screen for antifouling effects

by electrochemical polarization on biofilms grown on stainless steel vials of the DBA. The 12

detachable stainless steel vials (AISI 316L, depth 30 mm, diameter 45 mm, holding volume

40 cm3) were mounted on DBA platform (Fig 8). Six of the vials could be individually

polarized. The electric current was fed into each vial via a control unit and Pt-coated Nb-

wire-electrodes, one for each vial (Savcor Group Ltd, Mikkeli, Finland). The wire electrode

and a reference-electrode (Savcor model 1) were implanted in the lid and became immersed

inside  each  of  the  six  vials  when the  lid  was  closed.  Each  vial  itself  worked  as  the  counter

electrode. DBA instrument was designed to simulate paper machine conditions by placing the

DBA instrument in the incubator (45 C) that provided rotation to match liquid flow of 0.3

ms-1 in each vial.  The polarization programs used in the DBA instrument were commercial

trade ware delivered by Savcor Group Ltd (Mikkeli, Finland).  The recipe for the synthetic

paper machine water (SPW) was designed based on analytical data of white water of paper

machines in Finland as shown in Table 1 of Paper IV.

Radical detection cuvette (Radbox) and real-time detection of oxygen radicals

The RadBox instrument was built for detecting reactive oxygen species formed during the

polarization of the Radbox cuvette (10 mm × 25 mm, holding volume 4 ml). The cuvette was

equipped with a working electrode (wire  2 mm of steel AISI 316L), longitudinally inserted

into the cuvette. The side walls (23 mm × 18 mm, AISI 316L) of the cuvette worked as the

counter electrodes. The potential of the working electrode was measured against a reference-

electrode (Savcor model 2). The principle of the Radbox function was that ROS sensitive

fluorescence dye (Tempo-9-Ac) was mixed into the SPW medium and polarized. The ROS

generated by polarization was detected as fluorescence emission from the reaction of ROS

with Tempo-9-Ac (50 µM) (Molecular Probes, Eugene, Oregon USA). The detection was

done with a scanning fluorometer (Fluoroskan Ascent, Thermofisher, Finland). The

fluorescence output, ex 355 nm and em 425 nm, by Tempo-9-Ac, continuously recorded for

300 s from 72 locations inside the cuvette (one round of 72 locations each 7.5 seconds). The
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readings obtained were integrated for six blocks of longitudinal sections (12 locations each).

SPW medium was fortified with low melting agarose (0.25 % w/v, Sigma Aldrich, St. Louis,

USA) to attenuate the liquid flow.

3.2  Methods other than those described in papers I-IV

3.2.1  Culturing D. geothermalis in microaerobic conditions

The ability of D. geothermalis (E50051) and of Meiothermus silvanus (B-R2A5-50-4) to

grow  in  low  oxygen  and  high  carbon  dioxide  was  tested. D. geothermalis and M. silvanus

were grown on plates of R2A, TSA and TSB/A for 2-3 d at 45 C in an atmosphere with 1 %

O2 and 1% CO2 in  98  % N2 in a cell culture incubator (HERAcell 150i, Thermo Scientific,

USA).
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4  Results and discussion

4.1  Microaerobic growth of D.  geothermalis

D. geothermalis (strain E50051) and Meiothermus silvanus (strain B-R2A5-50-4) as a

reference strain from the same phylum were cultivated in a microaerobic atmosphere (1 % O2

and 1  % CO2)  and  in  normal  atmosphere. D. geothermalis grew on  R2A,  TSA and TSB/A

plates similarly under atmospheric air and in microaerobic conditions. M. silvanus did not

grow under microaerobic conditions. During microaerobic growth D. geothermalis colonies

lost their pink pigment and turned yellowish or almost colourless (Fig 3). The genome of D.

geothermalis contains genes for nitrite NAD(P)H reductase (Dgeo_2392) and for

molybdopterin-cofactor-dependent nitrate reductase (Dgeo_2389) (Makarova et al., 2007)

which are known to express in anaerobic conditions. Cytochrome bd ubiquinol oxidase and a

cytochrome d ubiquinol oxidase, usually involved in electron transfer under low oxygen

(Junemann, 1997) were recently reported by Tian et al., (2010) to be present in D.

geothermalis proteome. I suggest that the trait of growth under low oxygen concentration

could reflect the evolutionary origin of D. geothermalis. It belongs to a branch in the bacterial

phylogenetic tree older than the cyanobacteria (Gupta, 1998) and thus is older than the

oxygenated atmosphere of the earth.

The carotenoids in Deinococcus responsible for the pink or red pigments are linked to

scavenging ROS (Tian & Hua, 2010). D. geothermalis has also catalase to decompose

hydrogen peroxide and superoxide dismutase to catalyze disproportination of superoxide

anion to molecular oxygen and hydrogen peroxide. A colorless mutant has been described of

D. radiodurans sensitive to environmental stressors such as desiccation and ROS (Tian et al.,

2007). My results show that low oxygen concentration prevented the expression of pigments

in D. geothermalis. Interesting is that D. geothermalis has been shown to reduce Fe (III) and

Cr (III) under anaerobic conditions at 45 C (Brim et al., 2003). D. geothermalis biofilm on

steel surface thus may change the electrochemical properties of the stainless steel generating

anode-cathode pairs (Dickinson & Lewandowski 1998). The ability to use metals as electron

acceptors could promote D. geothermalis to adhere and to grow on steel surface.
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Figure 3. Colour differences of D. geothermalis biomass cultivated under microaerobic and

aerobic atmospheres on solid media R2A, TSA and TSB/A (from the left to the right).

4.2 D. geothermalis-specific real time qPCR

In this study we quantified D. geothermalis biomass present in the wet end of paper and

board machines, process waters and end products, by quantifying the density of D.

geothermalis 16S rRNA genes in colored deposits collected from 24 paper and board

machines (Paper 1, Table 1). The numbers of D. geothermalis 16S rRNA genes were

compared to those of the domain “Bacteria” and to that of Meiothermus spp. measured by the

same method but using primers of different specificities (Table 8). Primers used in the QPCR

for this thesis work are shown in Table 7.

The primers DgeF627a and DgeR866 had 100 % match to 16S rRNA gene sequences of the

type strain of Deinococcus geothermalis (DSM11300T) and to those of the paper machine

isolates, strains E50051, E50053. The amplification product sized 256 bp and had a melting

temperature of 90 ± 0.5 °C. Calibration curve (Fig 2A in Paper I) was used for quantification

of  16S  rRNA  genes  in  unknown  samples.  The  curve  was  log  linear  from  50  fg  to  5  ng  of

genomic DNA from D. geothermalis E50051. Amplification was placed between the crossing

points 32 to 13.8. Fifty femtograms of the template DNA corresponded to 28 and 5 ng to 280

0000 16S rRNA gene copies with the genome size of 3.27 Mb and 2 copies of the 16S rRNA

gene per genome.
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Table 7. Primers used for the QPCR.

Primer Nucleotide sequence (5´-3´) Target regiona     Length of the

amplified

 sequence (bp)

DgeF627a  GGA GTG GGT TGG AGA CTG GCT 627-647 256

DgeR866  CCA GGC GGC ACG TTT CTC GC 866-885

pEb  AAA CTC AAA GGA ATT GAC GG 908-928 165

pF´b ACG AGC TGA CGA CAG CCA TG 1053-1073

MeioF692c GAA ATG CGC AGA TAC CGG A 692-711 147

MeioR821c TGT CGG ACA CCC AGC ACT 821-839

a E. coli numbering
b (Edwards et al., 1989)
c (Ekman et al., 2007)

Specificities of the primers (Table 7) were tested with six type strains of species within the

genus Deinococcus; D. grandis DSM3963T, D. murrayi ALT-1bT, D. proteolyticus

DSM20540T, D. radiophilus DSM20551T, D. radiodurans DSM20539T and D. radiopugnans

ATCC19172T. These species had  3 mismatches in their 16S rRNA gene sequences with the

forward primer DgeF627a and 2 mismatches with the reverse primer DgeR866. In addition,

species from phyla other than Deinococcus-Thermus were tested; Burkholderia cepacia

F28L1, Pseudoxanthomonas taiwanensis jk-M, Roseomonas gilardii ATCC499956T,

Geobacillus stearothermophilus DSM 1550 and E. coli MT102. The strains of species other

than D. geothermalis showed  (1  ng  DNA)  crossing  points   30  cycles  and  the  melting

temperatures of the amplification products deviated by 0.5  to 3 °C from that of D.

geothermalis  (Fig. 4). Fifty femtograms of D. geothermalis DNA exceeded the same

crossing point as D. radiodurans (1 ng) (Fig 4).
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Figure 4. Amplification of DNA of D. geothermalis and nontarget species with primers

DgeF627a and DgeR866. The figure shows D. geothermalis 1- 6 (1 ng – 0.00005 ng) and

type  strains  of  other  species  of Deinococcus, (7-12) (1 ng), Meiothermus ruber DSM1279

(13), of proteobacteria (14-16, 18) Burkholderia cepacia F28L1, Pseudoxanthomonas

taiwanensis jk-M, Roseomonas gilardii ATCC499956T, Escherichia coli MT102 and of

Geobacillus stearothermophilusT DSM 1550 (17).

Spiking 1 ng DNA of non-target species with 0.1 ng of D. geothermalis DNA resulted in

amplification of D. geothermalis DNA with the same crossing point, at 20 cycles, as without

spiking (Paper I, Fig 2B).

We conclude that the number of D. geothermalis can be reliably calculated when the

amplification product with the primers DgeF627a and DgeR866 was obtained within 30

cycles and had the correct melting temperature.
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4.3 D. geothermalis DNA in slimes and deposits of paper machines

Based on earlier work by Kolari et al., (2001, 2003) and the PhD thesis of Kolari (2003) it

was clear that D. geothermalis was a primary-biofilm former. It was also frequent in paper

mill slimes of the wire section splash areas, as was shown by 48 isolates of D. geothermalis

from six different machines and in situ-hybridizations done with samples from three other

machines (Väisänen et al., 1998;  Kolari et al., 2003; Kolari, 2003).

In our studies D. geothermalis DNA was found by QPCR from 9 machines and in 16 of the

120 independently collected mill samples, equally from both paper and board machines. In

addition, seven samples contained detectable but not quantifiable amount of D. geothermalis

DNA (Table 8). Sampling was carried out from 15 different areas of the machines (Fig 1 in

Paper I). D. geothermalis was most frequently found in the slimes of the splash areas and the

inside walls of tanks. Tolerance to oxidative stress and desiccation are advantageous in

colonizing such areas. Only two paper machines and one board machine yielded multiple (up

to three) D. geothermalis positive  samples.  In  a  study  a  majority  (73  %)  of  the  isolated

bacteria were identified as D. geothermalis strains in one machine (Kolari et al., 2003). It was

found that the pulp used by that machine was contaminated by D. geothermalis.  It  was

concluded that the pulp further contaminated other paper machine where it was used as the

raw material, explaining the high frequencies in those machines.

In  the  samples  in  this  thesis  (Paper  I)  the  total  content  of  bacterial  16S  rRNA  gene  copies

ranged from 107 to 3 × 1010 g-1. D. geothermalis represented a minor fraction of this, 0.03 –

1.3 %. Similar amounts reported by Kolari (2003), using in-situ-hybridization method with

DgeoF-probe  <  0.05  % to  <  2  % of  all  cells,  but  10  % in  one  slime sample.  Based  on  our

results D. geothermalis thus was not an abundant in the deposits of those examined machines

compared to the other pink biofouler, Meiothermus spp. (Table  8)  of  which  the  16S  rRNA

gene copy content ranged from 0.5 to 100 % of the bacterial deposits. Meiothermus was

shown a dominant biofouler in several machines (Ekman et al., 2007) and in headbox water

(Prince et al., 2009). Nevertheless, D. geothermalis may endanger paper quality as it was

positively recognized in a coloured spot of an end product (Table 8).

The experimental data accumulated thus far, allows suggesting explanations why quantities

of D. geothermalis were  so  low  in  most  of  the  sampled  biofilms. D. geothermalis adheres

firmly onto surfaces and forms flat colonies (only 10 µm in height) growing in a patchy
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manner (Paper II and Kolari et al., 2001). Therefore in sampling most of this bacterium may

remain unsampled even the surface looks clean after the biofilm has been harvested.

It is tempting to speculate that D. geothermalis may have other niches as well. We showed

that D. geothermalis can grow in low oxygen atmosphere whereas Meiothermus silvanus did

not. Locations under a thick slime are depleted of oxygen (Rasmussen & Lewandowski,

1998). In such environments D. geothermalis may form colorless biofilm. This might skew

its real significance in paper machines and that its prevalence may be higher than our results

show.
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Table 8. QPCR measurements targeted to the 16S rRNA gene of eubacteria and of

Meiothermus spp. in samples positive for D. geothermalis.

 numbers of 16S rRNA gene copies

Total bacterial % of the bacterial gene copies

identified as

Analyzed sample (machine) g-1 sample D. geothermalis  Meiothermus spp.

Deposits

 Wire section splash area (A) 109 0.05 0.5

 Wire section splash area (MK) 3 × 108 0.03 2

 Wire section splash area (D) 8 × 109 1.3 1

 Wire section of inner layer (M) 5 × 109 < 0.001*

 Shower water tank (K) 1 × 1010 0.001

 Circulating water tank (N) 2 × 108 < 0.001* 100

 Cloudy filtrate tank (K) 3 × 1010 < 0.001* 67

 Cloudy filtrate tank (R) 8 × 109 0.005 8

 Reject storage tank (R) 4 × 109 0.05 7

 AES screen splash area (USc) 3 × 1010 0.03 13

 Bow screen (R) 3 × 1010 0.007 11

 Unspecified, slime (E) 1 × 1010 < 0.001* 0.5

 Press felt (K) 107 < 0.001*

Water tank, process water (A) 2 × 108 < 0.001*

End products

 Defect paper 1 (A) 5× 109 0.2

 Defect paper 2 (A) 2 × 107 < 0.001*

*positive but the amount was non-quantifiable. The sampled machines are indicated in

parentheses.
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4.4  Adhesion of D. geothermalis to a surface

4.4.1  Architecture of D. geothermalis biofilm

D. geothermalis forms  tenacious  and  compact  colonies  on  abiotic  surfaces  (Saarimaa et al.,

2006; Raulio et  al., 2008) but is not a major slime-producer and shows no capsular

polysaccharide material on the surface.

I used 66 fluorescently (Paper II, Table 1) labelled carbohydrate-specific lectins to explore

the architecture of D. geothermalis biofilms.  Biofilms  were  grown  on  glass  or  on  stainless

steel (AISI 316) and stained with the fluorescently labelled lectins and counterstained with a

nucleic acid reactive fluorogenic dye. Binding of these lectins to the biofilms was visualized

by CLSM. This experimental approach enables studying the EPS structure of fully hydrated

living bacterial microcolonies in situ when the lectins with different carbohydrate

specificities bind to the bacterial glycoconjugates demonstrating the arrangement and the

compositions of the glycoconjugates relative to the cells in the biofilms. Table 9 shows the

lectins that interacted with glycoconjugates in deinococcal biofilms. Fig 5 and Figs 1-5 in

Paper II show CLSM images of the binding locations in and on the deinococcal colonies

grown on abiotic surfaces.

The lectin study disclosed that D. geothermalis in monocultures form no classical

“mushroom” type of biofilm structure (as described in Fig 1.) on an abiotic surface. The

microcolonies were porous, compact and flat (height 10 to 20 µm).

The EPS in D. geothermalis microcolonies on glass or on steel bound to several lectins

indicating it was a composite of different glycoconjugates. We identified five functionally

different binding locations in D. geothermalis biofilms for the lectins 1) the glycoconjugates

surrounding each cell individually, 2) the intercellular matrix, 3) the skeleton structures inside

the biofilm, 4) biofilm interfaces with the nonliving substratum and 5) adhesion threads

linking the cells to neighbouring cells or to the substratum. The EPS content was thus

heterogeneous, but the binding patterns showed that the EPS was organized to diverse

glycosylated entities, not just the capsular and the biofilm exopolymers. In natural

heterogeneous biofilms the EPS regions have also been shown to arrange in to zones

(Lawrence et al., 2007).
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The functions of EPS are multiple (Table 1). The lectin staining showed that glycoconjugates

containing -galNAc and galNAc( 1,3)galNAc residues had a structural role as building blocks

in the skeleton-like matrix inside the biofilm and also in the heterogeneous intercellular

matrix substance that filled the spaces between the cells and also covered the colonies (Fig

5A,  Paper II Fig 1). These structures may also function as water reservoirs for D.

geothermalis.

The internal space of the microcolonies was occupied by hydrophilic substances but outer

surfaces  of  the  colonies  were  hydrophobic,  as  indicated  by  adhesivity  to  small  (  20 nm)

hydrophobic microspheres (Paper II, Fig 6). Hydrophobicity is suggested important for the

adhesion  onto  nonliving  surfaces  and  also  for  a D. geothermalis microcolony the

hydrophobicity of its outer layer could explain why these biofilm colonies function as

pedestals promoting adhesion of other bacteria, e.g. Bacillus bacteria (Kolari et al., 2001). It

has also been shown that bacteria accumulating on air-liquid interfaces possess more

hydrophobic surfaces than bacteria on water-submerged area (Dahlback et al., 1981). For D.

geothermalis that favours to colonize air-liquid interfaces, the hydrophobic outer shelter of

the microcolony could also work as a protective layer against desiccation.

Galactose containing glycoconjugates were prevalent throughout the EPS content of D.

geothermalis biofilms.  Analysis  of  EPS has  revealed  galactose  in  biofilms  of  other  bacteria

(Verhoef et al., 2005; Mata et al., 2006; Jiao et al., 2010). EPS of Pseudomonas aeruginosa

(WFPA801) was shown to contain galactose and mannose with the chemical analysis and this

was confirmed with galactose and mannose specific lectins (Ma et al., 2007). Galactose

containing glycoconjugates can function also as nutrient reservoir for biofilm bacteria. D.

geothermalis can utilize e.g. galactose (Ferreira et al., 1997) and possess -galactosidase

enzyme that can hydrolyse galactose-containing oligosaccharides (Lee et al., 2010). The

differences in binding locations are due to differences in glycoconjugate compositions or

arrangements (Lawrence et al., 2007). Sequences of -1, 3 and -1, 4 were common lectin

specificities in D. geothermalis (Table 9). Sutherland (2001) suggested that these sequences

may confer rigidity in the EPS structure.

I agree with the view of my co-author Thomas Neu that the precise consistency of the EPS or

the nature of the glycoconjugates is difficult to interpret based on the lectin bindings alone in

complex glycoconjugate systems (Neu et al., 2001). A novel method where CLSM technique
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is combined with Raman microscopy has given promising results on the chemical structure

and arrangements in EPS (Wagner et al., 2009).

The architecture of D. geothermalis biofilm, the flat and compact microcolonies as well as

the numerous different glycoconjugates of EPS, may contribute its survival and adaptation to

extreme conditions prevailing in paper machines e.g. high water flow and temperature,  and

the presence of many different antimicrobial compounds.
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Table 9. Fluorescently labelled lectins that bound to the biofilm of D. geothermalis strain E50051 were imaged with CLSM. The data are

presented in Paper II unless otherwise referred to. Gal; galactosyl, neu; neuraminyl, glc; glucosyl, NAc; N-acetyl, fuc; fucosyl, man; mannosyl

Lectin Binding location Target glycoconjugates Reference

Agaricus bisporus cell surface -gal, gal( 1,3)galNAc

Arachis hypogaea -gal, gal( 1,3)galNAc

Triticum vulgaris glcNAc2 glcNAc3,

sialic acid (neuraminic

acid)

(Kolari, 2003)

Amaranthus caudatus adhesion threads gal( 1,3)galNAc,

gal( 1,3)neu5Ac

Dolichos biflorus skeleton matrix of biofilm terminal -galNAc,

galNAc( 1,3)galNAc

Maclura pomifera -gal, -galNAc,

gal( 1,3)galNAc

Erythrina cristagalli biofilm interface gal( 1,4)glcNAc, galNAc,

gal

Phaseolus lunatus galNAc( 1,3)[L-

fuc( 1,2)gal], galNAc

Phaseolus vulgaris galNAc

Robinia pseudoacacia intercellular matrix No information available
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Lens culinaris -man, fucose linked to

chitobiose core of oligosaccharide,

-glc, -glcNAc

Lathyrus odoratus intercellular matrix -man end groups, glc,

glcNAc

Lyopersicon esculentum glcNAc( 1,4)glcNAc

oligomers

Helix aspersa galNAc, glcNAc

Trifolium repens 2-deoxyglucose

Wisteria floribunda terminal galNAc( 1,4),

terminal galNAc( 1,3)

terminal galNAc( 1,3

Abrus precatorius D-galactose (Kolari, 2003)

Limulus polyphemus fetuin, D-glucuronic acid,

sialic acid, NeuAc

(Kolari, 2003)

The specificities are indicated as given by the suppliers.
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Figure 5. Maximum intensity projections of CLSM images from D. geothermalis E50051

biofilm on glass. Green colour shows the locations of the lectin bound to the glycoconjugates

and red shows the fluorogenic staining responding to nucleic acid. In panel A) Maclura

pomofera lectin  bound  to  the  matrix  of  the  biofilm,  but  did  not  interact  with  the  cells.  B)

Wisteria floribunda lectin found binding sites on the exterior of biofilm colonies and the

spaces between the cells. C) Erythrina cristagalli lectins interacted with the glycoconjugates

of the cell surface. Scale bars 10 µm.

4.4.2  The adhesion threads of D. geothermalis

Many studies have shown that D. geothermalis adheres firmly to an abiotic surface; steel,

glass or plastics, and when doing so it extrudes cell surface appendages anchoring the cell to

the abiotic surface and to other cells (Papers II and III; Kolari et al., 2002; Raulio et al., 2006;

Raulio et al., 2008). Fig 6B shows D. geothermalis biofilm where thin adhesion threads form

a network between the cells. We characterized these adhesion threads of D. geothermalis

E50051 and found them to contain protein. Several N-terminal sequences from the

deinococcal cell surface material were found similar to four pilin components of the type IV

pili (TfP) (Paper III Table 1). TfP has been detected in many -, - and -proteobacteria

(O'Toole & Kolter, 1998; Thormann et  al., 2004; Shime-Hattori et al., 2006; Varga et  al.,

2008; Bahar et al., 2010). Our work was the first demonstration of these pilins in the phylum

Deinococcus-Thermus.  These  appendages  were  missing  in  planktic  cells  of  the  same  strain

(Paper III, Fig 1, 3) indicating that the threads have a role in adhesion and in the formation of

microcolony architecture. Raulio et al. (2008) showed that these adhesion threads were thick

and numerous when D. geothermalis (E50051) cells adhered on stainless steel (AISI 316L).

Whereas on hydrophobic fluoropolymer coated stainless steel surface the adhesion threads

were thin, short and few in number. They suggested that the volume of biofilm on a given

surface depended on the thickness and the number of the adhesion threads.

Recently, Tian et al. (2010) reported that planktic D. geothermalis cells expressed Tfp

assembly protein PilO, PilM and a fimbrial assembly protein suggesting that TfP components

may have also other functions beyond the biofilm formation.

When we stained D. geothermalis biofilm with the lectin Amaranthus caudatus specific for

gal( 1, 3)galNAc and imaged using CLSM, the adhesion threads (Fig 6A) were visible as



Results and Discussion

53

puffy spots around the cells. In addition, periodic acid-Schiff (Paper III, Fig 2) staining also

indicated protein glycosylation. Glycosylation is a common posttranslational modification of

proteins. So far this is the first study that demonstrated that Tfp like surface appendages were

covered with specific glycoconjugates. The sugar moieties on the adhesion threads may

protect the protein threads and increase “stickiness” of the cells in adhesion. A web-like

structure formed by the adhesion threads and sugar covering may contribute to the tenacious

adherence in high liquid flow prevailing in the paper mill.

Figure 6.  Confocal laser scanning (CLSM) (A) and Field Emission Scanning Electron

Microscopy (FESEM) (B) images of D. geothermalis strain E50051 biofilm on glass. Panel A

shows the fully hydrated biofilm stained with fluorescently labelled Amaranthus caudatus

lectin (green) and counterstained with the nucleic acid stain, Syto 60 (red) to locate the cells.

White  lines  show  a  zoomed  image  of  two  cells.  In  panel  B  the  biofilm  was  fixed  and

dehydrated for FESEM (by courtesy of Mari Raulio). Both images show the adhesion threads,

in (B) forming a network-like structure and in (A) the threads are covered with

glycoconjugates detected with Amaranthus caudatus. Fixation and dehydration shrinks the

adhesion threads that are visible as chubby spots in the CLSM image which was taken from

cells with no prior treatment like fixing or drying.
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4.4.3  Glycoconjugates contributing to the adhesion

Staining with fluorophore conjugated lectins were used as a tool to visualize the

glycoconjugates of D. geothermalis growing as biofilms on steel or on glass (Paper II).

The glycoconjugates connecting cells of D. geothermalis to the substratum reacted with the

Phaseolus vulgaris lectin. The glycoconjugates bridging D. geothermalis to  glass  differed

from those connecting the cells to stainless steel surface (Paper II, Fig 4). Hydrophilic and

hydrophobic coated glass substrata were shown to induce a modification of the cell surface of

Pseudomonas aeruginosa as  demonstrated  with  different  lectin  stainings  (Bejarano  &

Schneider, 2004). A similar modification may have resulted into the differences observed in

the binding patterns of Phaseolus vulgaris lectin to the glycoconjugates on D. geothermalis

surface.

Phaseolus vulgaris lectin reacted with glycoconjugates encircling horizontally cells adhered.

In addition, this lectin stained also glycoconjugate tracks on the steel surface distant to the

cells (Fig 7, Paper II Fig 4C and D). These tracks may represent foot prints emanating from

the glycoconjugates that mediated slippery adhesion of D. geothermalis (E50051) to steel

demonstrated by Kolari et al. (2002) using the atomic force microscopy. The phenomenon

could resemble that of the gram-negative bacterium Myxococcus xanthus, leaving slimy

tracks when it glides over a surface. M. xanthus exhibits two different surface gliding

motilities: an adventurous (A)-motility and social (S)-motility. The pilus-independent A-

motility was suggested to rely on slime extruded from nozzle-like structures similar with

those observed of cyanobacteria (Wolgemuth et al.,  2002).  Interesting  in  this  context  is  the

discovery reported by Li et al. (2003) on the S-motility of M. xanthus,  mediated  by  an

extracellular  matrix  combined  with  polar  type  IV pili.  Interactions  between the  Tfp  and  the

extracellular matrix on the surface of another cell may induce retractions of the Tfp and thus

S-type motility (Li et al., 2003). D. geothermalis possibly also possesses a motility

mechanism linked to its Tfp, to polysaccharides or both.

Kolari (2003) reported that the N-acetylglucosamine specific Triticum vulgaris lectin bound

to the cell surface glycoconjugates of D. geothermalis (E50051) and that the Limulus

polyphemus lectin with specificity for D-glucuronic acid and sialic acid bound to

glycoconjugates located in the intercellular space of this strain. Those studies were done with

D. geothermalis biofilm grown in wire water on stainless steel. These lectins were negative
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when I used the same strain of D. geothermalis grown in R2 medium on glass surface. This

and our findings in Paper II (Fig 4) can be interpreted to indicate that D. geothermalis biofilm

interacts with its environment, modulating its cell carbohydrate composition to match the

substratum.  Factors  such  as  the  growth  cycle,  sources  of  calcium  or  of  carbon  and  the

presence of antimicrobial agents may influence the composition and yield of EPS produced

by bacteria (Uhlinger & White, 1983; Strathmann et al., 2002; Dynes et al., 2009).

Figure 7. Confocal laser scanning image of D. geothermalis (E50051) cells on steel surface,

stained with Phaseolus vulgaris (green)  lectin  and  the  nucleic  acid  reactive  stain,  Syto  60

(red).  As a monolayer the cells of D. geothermalis were lined by a glycoconjugate matrix. A

dense network of gliding tracks is visible in the middle, between the cells. Scale bar 20 µm.

4.5  Strategies for studying electrochemical antifouling in simulated paper
mill environment

Antimicrobial agents (biocides) dispersed into the bulk of the water flow do not necessarily

reach the locations where biofouling occurs.

An alternate option is to generate antimicrobial agents directly on the fouled surface.

Electrochemical polarization follows this strategy. Strategy to generate ROS or free chlorine

or chlorine containing radicals underneath a biofilm has been applied to kill and remove
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biofilm from the surfaces (Wood et al., 1996; Rabinovitch & Stewart, 2006). We developed

novel tools to explore the effects of electrochemical polarization on biofilms growing under

conditions prevailing in paper mills: warm temperature (45 C) and high water flow (> 0.3 m

s-1) and rich organic contents. The medium, synthetic paper machine water (SPW) was

constructed for these experiments to model the authentic white water of a paper machine:

high in organic matter (> 500 mg L-1) and low in chloride concentration (0.01 % w/v) (Paper

IV Table 1). In DBA experiments SPW that contained 10 % of R2 medium was used to

provide the substrate needed for biofilm growth. D. geothermalis (E50051) was used as the

test organism. The test surface was stainless steel that is the common material used in wet

industry.

4.6  Antifouling of D. geothermalis biofilm by electrochemical polarization

4.6.1  The novel tool to study electrochemical antifouling: the double biofilm analyzer

The instrument, double biofilm analyzer (DBA) (Fig. 8) was designed and built during this

thesis work. It is a platform that holds twelve stainless steel vials (holding volume 40 ml each)

of which six were in situ polarizable. It thus enabled simultaneous testing of different

electrochemical polarization programs in the presence or absence of biocides. The

polarization potentials were online controlled and recorded with a reference electrode and a

data recording computer. Each of the vials worked as the counter electrode when polarized.

Stainless steel is not as durable as e.g. titanium, platinum or gold (Siitonen, 2004). Therefore

the range of applicable potentials was limited compared to studies where disinfectants were

produced by electric polarization to quantities sufficient to kill planktic cells (Jeong et  al.,

2006;  Jeong et al., 2007; Jeong et al., 2009).
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Figure 8. The Double biofilm analyzer instrument. In use mode (A), the lid is closed. The

electrodes were mounted to the lid (polarizable and reference). When the lid was closed the

electrodes immersed into the liquid in the steel vials. Open DBA (B) shows the 12 steel vials

and the lid-mounted working and reference electrodes.

Steel surfaces in the paper machine wet end are never totally clean. We simulated this

situation by pregrowing D. geothermalis (E50051) without any antifouling. After growth for

24  h  in  SPW (with  10  vol  % R2)  there  were  mature  biofilm the  steel  vials.  The  DBA vials

were then emptied and refilled to submerge the pregrown biofilm and polarization was started.

The polarization extended 4 to 48 h after which the vials were emptied and inspected to see

whether the electrochemical treatments had removed the submerged biofilm and/or prevented

growth of new biofilm on the upper air-liquid-interface. (Fig 9). The duration of the

experiments had to be limited to 48 h because of the evaporation of water at 45 C, reduced

the liquid volume in the vials.

Figure 9. Biofilm of D. geothermalis

grown on a stainless steel vial in the

DBA instrument. Biofilms were grown

in the air-liquid interface in two steps

(upper and lower) during cultivation

with  two different  fillings  volume.  The

biofilms were visualized by staining

with crystal violet (blue). Diameter of

the vial 4.5 cm.
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After experimenting with many different polarization programs that were tested, we

concluded that a direct cathodic and a cathodically weighted pulsed polarization were

effective in removing submerged biofilms of D. geothermalis within 48 h from steel surfaces

(Paper IV Fig 3). Biofilm removal was first observed after 24 h (Paper IV Fig 5), reflecting

the firm adhesion and the high resistance of D. geothermalis. Cathodic polarization of the

substratum means that it becomes negatively charged. This generates an electrorepulsive

force between the surfaces of the deinococcal cells if these are negatively charged. The

electrorepulsive force may result into detachment of the bacteria from the substratum. During

pulsed polarization the anodic and the cathodic polarizations were alternated with high

frequency. According to published literature, this may inactivate the microbial cells by

distorting the integrity of the cell membrane (Liu et  al., 1997; van der Borden et al., 2005).

Pulsed current may also destabilize the EPS structure by affecting physicochemical

interactions between the biomolecules and prevent ions from accumulating on the substratum.

Although direct cathodic current was as effective as cathodically pulsed polarization up to 48

h, we noticed that over-time the current attenuated (data not shown). This means that in real

life the antifouling efficiency will decrease with time. Our results are supported by recent

publications where it was suggested that pulsed and block current could be the solution to

overcome the disadvantages of direct currents (anodic and cathodic) (van der Borden et al.,

2005; Hong et al., 2008).

Our experimental results showed that electric polarization resulted into effective antifouling

of the steel surfaces below the air-liquid interface but not in the splash area above it. D.

geothermalis that favours air-liquid interfaces thus formed new biofilm, in the splash area,

even during the polarization (Paper IV Fig 7A).

Therefore, biocides (Paper IV Fig. 6) were tested in combination with cathodically weighted

pulsed polarization. It was found that the tested halogen containing biocides (bromochloro-

5,5-dimethylhydantoin, 2,2-dibromo-2-cyanodiacetamide) and peracetic acid increased the

biofilm removal from the stainless steel surfaces. The additive value of biocides was that the

accumulation of D. geothermalis cells to the air-liquid interfaces was prevented (Paper IV Fig

7C). The tested reductive biocide (methylene bisthiocyanate) did not prevent such attachment

when combined with the pulsed, cathodic programme but rather looked like neutralizing the

antifouling action of pulsed cathodic polarization.
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To conclude, cathodically weighted pulsed polarization could be used to remove biofilms in

wet  industry.  For  problematic  biofilms  at  the  air-liquid  interface,  polarization  can  be

combined with a low dose of oxidative biocides to keep the air-liquid interfaces clean.

Alternatively, the water level could be purposedly raised for effective polarization treatment.

4.6.2  Detection of reactive oxygen species generated during polarization: the Radbox
instrument

The RadBox instrument was designed to measure the ROS that may be generated during

electrochemical polarization of stainless steel. This instrument consisted of a cuvette (Fig 10),

polarization control unit and fluorescence reader (Paper IV). The RadBox instrument allowed

inspecting the ROS produced by the polarization by the same settings used in the DBA. ROS

monitoring was done in SPW medium at room temperature.

The challenge in detecting ROS is that the radicals are very short-lived (nanoseconds). It was

first searched for a sensitive method for detecting also small output of ROS. Those in mind a

method was developed based on the ROS sensitive fluorogenic dye, Tempo-9-Ac, and online

detection with a microplate reader of the fluorescence emitted from the cuvette during the

polarization. To map the ROS generation in the cuvette, microplate reader scanned the whole

cuvette area continuously (from 72 measurement locations) during the whole period (300 s)

of polarization (Paper IV Fig 4).

Previous studies of electrochemical treatment with low currents have given no evidence of

ROS being involved in the antifouling effect. We detected ROS with a pulsed, cathodically

Figure 10. RadBox. The cuvette

(volume 4 ml) is lined with red.

The polarizable (working)

electrode is inserted in the center,

and the reference electrode

underneath the working electrode.

The stainless steel walls of the

cuvette worked as the counter

electrodes.
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stressed polarization programme around the working electrode. Fig 4 in Paper IV shows

kinetics of the ROS generation. The RadBox instrument was able to record the ROS

emissions in the same rapid tempo in which polarization was pulsed. Interesting was that

ROS production was detectable in the SPW medium which was rich in organic matter (> 500

mg L-1).

It was hard to distinguish whether the ROS production linked to the anodic or to the cathodic

pulse. Based on the cathodic dominance of the current that was effective for antifouling I

estimated that ROS most likely generated at the cathode. In other studies where nobler metal

surfaces than steel, were used as the substratum ROS was generated with high anodic voltage

(1 to 4 V) to concentrations that effectively disinfected planktic cells (Jeong et al., 2006;

Jeong et al., 2009). Oxygen reduction at the cathode can indirectly generate superoxide anion

and hydroxyl radicals (Zhang et al., 2008). In the recent study of Perez-Roa et al. (2009)

fluorescent dye specific for ROS was used to show that hydroxyl radicals were formed at the

cathodic electrode when pulsed a voltage sufficiently negative to reduce oxygen to hydrogen

peroxide.

Even though D. geothermalis possesses a high tolerance to oxidative stressors and uses

multiple tools to adhere to the abiotic surfaces and forms a web-like network connecting to

other cells, we managed to crack its defence so that the biofilms were detached from stainless

steel surface. Continuous production of oxygen radicals may overwhelm the protection

capacity of the cells.

The antifouling effect of pulsed polarization towards D. geothermalis may result from a sum

of repulsive forces between the bacterial cell and the steel, generation of oxidative ROS and

the membrane disturbance by the pulsed polarization. Our results show that these effects

could be promoted by combining the polarization with a suitable oxidative biocide.

In practice the electrochemical antifouling in paper mills is applicable. It can be used during

the paper machine operation. The benefit of electrochemical antifouling would be that down-

time needed for cleaning could be less frequently and that the usage of biocides could be

diminished. The electrochemical antifouling program has to be individually designed for each

machine since the conditions in each paper machine are different. More research on the

effectivity of the electrochemical antifouling towards mixed biofilms and primary biofoulers
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other than Deinococcus, such as Pseudoxanthomonas taiwanensis or Meiothermus. It would

be interesting to study how spores are affected by the electrochemical treatment.
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5  Conclusions

1. We found using fluorescently tagged lectin stainings and CLSM that D. geothermalis

possessed five different spatial arrangements of EPS 1) the glycoconjugates surrounding

each cell individually, 2) the intercellular matrix, 3) the skeleton structures inside the

biofilm, 4) biofilm interfaces with the nonliving substratum and 5) adhesion threads

connecting the cells to the abiotic surface and to each other.

2. We revealed that the glycoconjugates located between the abiotic substratum and the

deinococcal cell surface reacted with Phaseolus vulgaris lectin. This study opens the

door for studying the glycoconjugates involved in the attachment and gliding motility of

D. geothermalis cells on a glass or steel substratum.

3. Microcolonies of D. geothermalis contained numerous adhesion threads connecting the

cells to the abiotic surface and to one another. The adhesion threads were covered with

gal( 1,3)galNAc glycoconjugates.

4. The adhesion threads of D. geothermalis contained components of the type IV pilin.

These threads were not expressed by planktic cells indicating they were needed for

adhesion and/or biofilm formation.

5. A culture independent method, real-time QPCR, was developed for quantifying D.

geothermalis in biofilms and deposits of paper mills.

6. Based on QPCR less than 10 % of the 120 collected coloured biofilms, deposits and

paper products contained measurable amount of D. geothermalis DNA. The contribution

of D. geothermalis ranged from 0.0001 to 1.3 % of total bacterial content (2 × 17 – 3 ×

1010 g-1 wet wt). Although the biomass of D. geothermalis in paper mill deposits was

minor, its DNA was found in colour defective paper products indicating that this species

could spoil paper product quality.

7. We showed that cathodically weighted pulsed polarization effectively detached D.

geothermalis from stainless steel surface. This treatment was advantageously in

combined with oxidative biocides to remove biofilms and to prevent the further

attachment of the biomass on to the steel surface.

8. We detected generation of ROS on steel surface by cathodically weighted pulsed

polarization that was effective in antifouling. This indicates that ROS has a role in the

antifouling effect.
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9. We suggest that the antifouling effect of pulsed cathodic polarization results from

multiple  factors,  generation  of  ROS  and  of  the  membrane  disturbing  effects  of  the

electric pulses with alternating polarities.

10. To investigate the efficiency of electrochemical antifouling on deinococcal biofilms under

conditions simulating paper machine environment we designed two novel tools: the

double  biofilm  analyzer  (DBA)  and  the  Radbox.  DBA  was  used  to  identify  the

antifouling effective polarization program and the combining of biocides and

polarization to optimize the antifouling potency. Radbox was used to demonstrate the

generation of reactive oxygen species in real-time.

11. Deinococcus geothermalis E50051 grew under low oxygen conditions as pale pigmented

colonies, implying that red pigment is a part of the cellular machinery method for

combating the oxidative stress by this bacterium.

12. Electrochemical polarization combined with biocides was effective towards D.

geothermalis that is tenacious biofouler and possesses a high tolerance to oxidative

stressors. This method could be effective also towards other persistent biofoulers and

applicable in wet industrial processes elsewhere.



Acknowledgements

64

6  Acknowledgements

This work was carried out in the Department of Food and Environmental Sciences, Division

of Microbiology, University of Helsinki.

The work was supported by the Finnish Graduate School on Applied Biosciences:

Bioengineering, Food & Nutrition, Environment (ABS), The Academy of Finland for the

Center of Excellence grants Nr. 53305 “Microbial Resources” and Nr. 118637

“Photobiomics”, the Finnish Funding Agency for Technology and Innovation (Tekes) to

applied research projects Biofouling and PolarKem and industrial partners Savcor Forest Oyj,

StoraEnso Oyj, Kemira Oyj, UPM-Kymmene Oyj, M-Real and Neste Oil.

I owe my deepest gratitude to my supervisor prof. Mirja Salkinoja-Salonen your knowledge

and enthusiasm for science is admirable. I thank you for guidance, inspiration and patience

during my first steps in science.

I wish to acknowledge prof. Jaakko Puhakka and Doc. Laura Raaska for reviewing carefully

my thesis and giving me valuable comments.

I am grateful to my co-authors Dr. Thomas Neu, prof. Peter Neubauer, Nina Vesalainen,

Martti Pulliainen, Dr. Lotta Kanto Öqvist, Christina Liedert, Dr. Marko Kolari, Mirva

Sainiemi, Sanna Jokela, Päivi Korhonen, Jaakko Ekman, Mari Raulio, Teemu Kuosmanen,

Hanna Sinkko, Dr.  Kirsi  Partti-Pellinen, Dr.  Jari  Räsänen, Juha Rintala and Dr.  Hannu Rita

for their expertise and contribution to the papers. My special thanks to Dr. Thomas Neu for

introducing me to CLSM technique, to Nina Vesalainen and Martti Pulliainen for teaching

me electrochemical engineering methods. I have been lucky to have an opportunity to

combine academic and industrial worlds during my thesis work. I also want to thank

Christina Liedert for sharing me this weird interest towards Deinococcus and for friendship.

What would work be without excellent colleagues and Friday cakes? Thank you all present

and former members of the MSS group for friendship, advises and fun; Camelia, Douwe,

Elina J, Elina T, Jaakko E, Jaakko P, Hanna S, Irina, Juhana, Kaisa, Mari K, Mari R, Maria,

Marko, Mirva, Raimo, Ranad, Stiina and Teemu. Friday cakes have made me a better baker!



Acknowledgements

65

I thank everyone in the Division of Microbiology for assisting during my thesis work. I also

thank Helsinki University Viikki Science Library and Instrument Center of Faculty of

Agriculture. I am grateful to Hannele Tukiainen, Leena Steininger and Tuula Suortti for

many kinds of help during these years.

I  thank  all  my  relatives,  specially  my  aunt  Anitta  for  your  support.  Warm  thanks  to  my

friends for all that fun that you have brought into my life.

I am grateful to my beloved family mum, dad Erja, Tane, Markus, Sara, Risto, Anne, Tero,

Aada, Lassi, Anne, Jaakko, Konsta, Lumi, Jukka and Sari.

Special thanks to my “homegang”!



References

66

7  References

Alén, R. (2007). Papermaking Chemistry. Second edn. Helsinki, Finland, Finnish Paper

Engineers´Association/Paperi ja Puu Oy, p. 255.

Allison, D. G., & Sutherland, I. W. (1987). The Role of Exopolysaccharides in Adhesion of

freshwater bacteria. Microbiology 133: 1319-1327.

Ashby, M. T., Kreth, J., Soundarajan, M., & Sivuilu, L. S. (2009). Influence of a model

human defensive peroxidase system on oral streptococcal antagonism. Microbiology 155:

3691-3700.

Austin, J. W., Sanders, G., Kay, W. W., & Collinson, S. K. (1998). Thin aggregative fimbriae

enhance Salmonella enteritidis biofilm formation. FEMS Microbiol Lett 162: 295-301.

Bagge,  N.,  Hentzer,  M.,  Andersen,  J.  B.,  Ciofu,  O.,  Givskov,  M.,  &  Hoiby,  N.  (2004)

Dynamics and spatial distribution of beta-lactamase expression in Pseudomonas aeruginosa

biofilms. Antimicrob Agents Chemother 48: 1168-1174.

Bahar, O., De La Fuente, L., & Burdman, S. (2010). Assessing adhesion, biofilm formation

and motility of Acidovorax citrulli using microfluidic flow chambers. FEMS Microbiol Lett.

2010.

Bakker,  D.  P.,  Klijnstra,  J.  W.,  Busscher,  H.  J.,  & van  der  Mei,  H.  C.  (2003)  The  effect  of

dissolved organic carbon on bacterial adhesion to conditioning films adsorbed on glass from

natural seawater collected during different seasons. Biofouling 19: 391-397.

Bakker, D. P., Busscher, H. J., van Zanten, J., de Vries, J., Klijnstra, J. W., & van der Mei, H.

C. (2004). Multiple linear regression analysis of bacterial deposition to polyurethane coatings

after conditioning film formation in the marine environment. Microbiology 150: 1779-1784.



References

67

Bejarano, E. M., & Schneider, R. P. (2004). Use of fluorescent lectin probes for analysis of

footprints from Pseudomonas aeruginosa MDC on hydrophilic and hydrophobic glass

substrata. Appl Environ Microbiol 70: 4356-4362.

Bjarnestad, S., & Dahlman, O. (2002). Chemical compositions of hardwood and softwood

pulps employing photoacoustic Fourier transform infrared spectroscopy in combination with

partial least-squares analysis. Anal Chem 74: 5851-5858.

Blanco,  M.  A.,  Negro,  C.,  Caspar,  I.,  & Tijero,  J.  (1996).  Slime problems in  the  paper  and

board industry. Appl Microbiol Biotechnol 46: 203-208.

Blenkinsopp, S. A., Khoury, A. E., & Costerton, J. W. (1992). Electrical enhancement of

biocide efficacy against Pseudomonas aeruginosa biofilms. Appl Environ Microbiol 58:

3770-3773.

Bockelmann, U., Janke, A., Kuhn, R., Neu, T. R., Wecke, J., Lawrence, J. R., & Szewzyk, U.

(2006). Bacterial extracellular DNA forming a defined network-like structure. FEMS

Microbiol Lett 262: 31-38.

Branda,  S.  S.,  Vik,  S.,  Friedman,  L.,  &  Kolter,  R.  (2005).  Biofilms:  the  matrix  revisited.

Trends Microbiol 13: 20-26.

Brim, H., Venkateswaran, A., Kostandarithes, H. M., Fredrickson, J. K., & Daly, M. J. (2003).

Engineering Deinococcus geothermalis for bioremediation of high-temperature radioactive

waste environments. Appl Environ Microbiol 69: 4575-4582.

Busalmen, J. P., & de Sanchez, S. R. (2001). Adhesion of Pseudomonas fluorescens (ATCC

17552) to nonpolarized and polarized thin films of gold. Appl Environ Microbiol 67: 3188-

3194.

Byun, M. W., Kim, J. H., Kim, D. H., Kim, H. J., & Jo, C. (2007). Effects of irradiation and

sodium hypochlorite on the micro-organisms attached to a commercial food container. Food

Microbiol 24: 544-548.



References

68

Carpentier, B., & Cerf, O. (1993). Biofilms and their consequences, with particular reference

to hygiene in the food industry. J Appl Bacteriol 75: 499-511.

Chae, M. S., Schraft, H., Truelstrup Hansen, L., & Mackereth, R. (2006). Effects of

physicochemical surface characteristics of Listeria monocytogenes strains on attachment to

glass. Food Microbiol 23: 250-259.

Chang, W. S., van de Mortel, M., Nielsen, L., Nino de Guzman, G., Li, X., & Halverson, L. J.

(2007). Alginate production by Pseudomonas putida creates a hydrated microenvironment

and contributes to biofilm architecture and stress tolerance under water-limiting conditions. J

Bacteriol 189: 8290-8299.

Characklis, W. G. (1990). Biofilm process. In Biofilms. W. G. Characklis, & K. C. Marshall

(eds).  A Wiley-Interscience publication New York, USA, John Wiley & Sons,  Inc,  pp.  195-

231.

Chaudhary, A., Gupta, L. K., Gupta, J. K., & Banerjee, U. C. (1997). Studies of slime-

forming organisms of a paper mill-slime production and its control.

J Ind Microbiol Biotechnol 18: 348-352.

Cho, M., Chung, H., Choi, W., & Yoon, J. (2004). Linear correlation between inactivation of

E. coli and OH radical concentration in TiO2 photocatalytic disinfection. Water Res 38:

1069-1077.

Christensen, B. E., & Characklis, W. G. (1990). Physical and chemical properties of biofilms.

In Biofilms. W. G. Characklis, & K. C. Marshall (eds). A Wiley-Interscience Publication New

York, USA, pp. 93-130.

Cookson, A. L., Cooley, W. A., & Woodward, M. J. (2002). The role of type 1 and curli

fimbriae of Shiga toxin-producing Escherichia coli in adherence to abiotic surfaces. Int  J

Med Microbiol 292: 195-205.



References

69

Costerton, J. W., Ellis, B., Lam, K., Johnson, F., & Khoury, A. E. (1994). Mechanism of

electrical enhancement of efficacy of antibiotics in killing biofilm bacteria. Antimicrob

Agents Chemother 38: 2803-2809.

Costerton, J. W. (2007) The Biofilm Primer. Berlin Heidelberg, Springer, pp. 199

Dahlback, B., Hermansson, M., Kjelleberg, S., & Norkrans, B. (1981). The hydrophobicity of

bacteria - an important factor in their initial adhesion at the air-water interface. Arch

Microbiol 128: 267-270.

Daly, M. J., Gaidamakova, E. K., Matrosova, V. Y., Vasilenko, A., Zhai, M., Venkateswaran,

A., Hess, M., Omelchenko, M. V., Kostandarithes, H. M., Makarova, K. S., Wackett, L. P., &

Fredrickson, J. K. (2004). Accumulation of Mn(II) in Deinococcus radiodurans facilitates

gamma-radiation resistance. Science 306: 1025-1028.

Davey, M. E., Caiazza, N. C., & O'Toole, G. A. (2003). Rhamnolipid surfactant production

affects biofilm architecture in Pseudomonas aeruginosa PAO1. J Bacteriol 185: 1027-1036.

Daly, M. J., Gaidamakova, E. K., Matrosova, V. Y., Vasilenko, A., Zhai, M., Leapman, R. D.

Lai, B., Ravel, B., Li, S. M., Kemner, K. M., & Fredrickson, J. K. (2007). Protein oxidation

implicated as the primary determinant of bacterial radioresistance. PLoS Biol 5: e92.

Das, T., Sharma, P. K., Busscher, H. J., van der Mei, H. C., & Krom, B. P. (2010) Role of

extracellular DNA in initial bacterial adhesion and surface aggregation. Appl Environ

Microbiol 76: 3405-3408.

De Beer, D., Srinivasan, R., & Stewart, P. S. (1994). Direct measurement of chlorine

penetration into biofilms during disinfection. Appl Environ Microbiol 60: 4339-4344.

Denner, E. B., Kolari, M., Hoornstra, D., Tsitko, I., Kampfer, P., Busse, H. J., & Salkinoja-

Salonen, M. (2006). Rubellimicrobium thermophilum gen. nov., sp. nov., a red-pigmented,

moderately thermophilic bacterium isolated from coloured slime deposits in paper machines.

Int J Syst Evol Microbiol 56: 1355-1362.



References

70

Desjardins, E., & Beaulieu, C. (2003). Identification of bacteria contaminating pulp and a

paper machine in a Canadian paper mill. J Ind Microbiol Biotechnol 30: 141-145.

Di Martino, P., Cafferini, N., Joly, B., & Darfeuille-Michaud, A. (2003). Klebsiella

pneumoniae type 3 pili facilitate adherence and biofilm formation on abiotic surfaces. Res

Microbiol 154: 9-16.

Dickinson, W. H., & Lewandowski, Z. (1998). Electrochemical concepts and techniques in

the study of stainless steel ennoblement. Biodegradation 9: 11-21.

Donlan, R. M. (2002) Biofilms: microbial life on surfaces. Emerg Infect Dis 8: 881-890.

Dynes, J. J., Lawrence, J. R., Korber, D. R., Swerhone, G. D., Leppard, G. G., & Hitchcock,

A. P. (2009). Morphological and biochemical changes in Pseudomonas fluorescens biofilms

induced by sub-inhibitory exposure to antimicrobial agents. Can J Microbiol 55: 163-178.

Edwards, U., Rogall, T., Blocker, H., Emde, M., & Bottger, E. C. (1989). Isolation and direct

complete nucleotide determination of entire genes. Characterization of a gene coding for 16S

ribosomal RNA. Nucleic Acids Res 17: 7843-7853.

Ehrlich,  H.  L.,  & Newman,  D.  K.  (2009).  Geomicrobiology.  In  5th  edn.  Boca  Raton,  USA,

CRC Press, pp. 39-40.

Eklund, D., & Lindström, T. (1991). Paper Chemistry. An introduction. 1st English edn.

Grankulla, Finland, DT Paper Science Publications, 305 pp.

Ekman,  J.,  Kosonen,  M.,  Jokela,  S.,  Kolari,  M.,  Korhonen,  P.,  &  Salkinoja-Salonen,  M.

(2007). Detection and quantitation of colored deposit-forming Meiothermus spp. in paper

industry processes and end products. J Ind Microbiol Biotechnol 34: 203-211.

Ekman, J., Tsitko, I., Weber, A., Nielsen-LeRoux, C., Lereclus, D., & Salkinoja-Salonen, M.

(2009) Transfer of Bacillus cereus spores from packaging paper into food. J Food Prot 72:

2236-2242.



References

71

Ferreira, A. C., Nobre, M. F., Rainey, F. A., Silva, M. T., Wait, R., Burghardt, J., Chung, A.

P., & da Costa, M. S. (1997). Deinococcus geothermalis sp. nov. and Deinococcus murrayi

sp. nov., two extremely radiation-resistant and slightly thermophilic species from hot springs.

Int J Syst Bacteriol 47: 939-947.

Fett, W. F., & Dunn, M. F. (1989). Exopolysaccharides Produced by Phytopathogenic

Pseudomonas syringae Pathovars in Infected Leaves of Susceptible Hosts. Plant Physiol 89:

5-9.

Flemming, H. C. (2002). Biofouling in water systems--cases, causes and countermeasures.

Appl Microbiol Biotechnol 59: 629-640.

Flemming, H. C., Neu, T. R., & Wozniak, D. J. (2007). The EPS matrix: the "house of

biofilm cells". J Bacteriol 189: 7945-7947.

Flemming, H. C., & Wingender, J. (2010). The biofilm matrix. Nat Rev Microbiol 8: 623-633.

Fredrickson, J. K., Li, S. M., Gaidamakova, E. K., Matrosova, V. Y., Zhai, M., Sulloway, H.

M., Scholten, J. C., Brown, M.G., Balkwill, D.L., & Daly, M.J. (2008). Protein oxidation: key

to bacterial desiccation resistance? ISME J 2: 393-403.

Freeman, C., Chapman, P. J., Gilman, K., Lock, M. A., Reynolds, B., & Wheater, H. S.

(1995). Ion exchange mechanisms and the entrapment of nutrients by river biofilms.

Hydrobiologia 297: 61-65.

Frolund, B., Griebe, T., & Nielsen, P. H. (1995). Enzymatic activity in the activated-sludge

floc matrix. Appl Microbiol Biotechnol 43: 755-761.

Fronzes,  R.,  Remaut,  H.,  &  Waksman,  G.  (2008).  Architectures  and  biogenesis  of  non-

flagellar protein appendages in Gram-negative bacteria. EMBO J 27: 2271-2280.

Gavin, R., Rabaan, A. A., Merino, S., Tomas, J. M., Gryllos, I., & Shaw, J. G. (2002). Lateral

flagella of Aeromonas species are essential for epithelial cell adherence and biofilm

formation. Mol Microbiol 43: 383-397.



References

72

Ghigo, J. M. (2001). Natural conjugative plasmids induce bacterial biofilm development.

Nature 412: 442-445.

Giaouris, E., Chapot-Chartier, M. P., & Briandet, R. (2009). Surface physicochemical

analysis of natural Lactococcus lactis strains reveals the existence of hydrophobic and low

charged strains with altered adhesive properties. Int J Food Microbiol 131: 2-9.

Gorby, Y. A., Yanina, S., McLean, J. S., Rosso, K. M., Moyles, D., Dohnalkova, A.,

Beveridge, T.J., Chang, I. S., Kim, B. H., Kim, K. S., Culley, D. E., Reed, S. B., Romine, M.

F., Saffarini, D. A., Hill, E. A., Shi, L., Elias, D. A., Kennedy, D. W., Pinchuk, G., Watanabe,

K., Ishii, S., Logan, B., Nealson, K. H., & Fredrickson, J. K. (2006). Electrically conductive

bacterial nanowires produced by Shewanella oneidensis strain  MR-1  and  other

microorganisms. Proc Natl Acad Sci U S A 103: 11358-11363.

Gordon,  A.  S.,  Gerchakov,  S.  M.,  &  Udey,  L.  R.  (1981).  The  effect  of  polarization  on  the

attachment of marine bacteria to copper and platinum surfaces. Can J Microbiol 27: 698-703.

Granhall,  U.,  Welsh,  A.,  Throback,  I.  N.,  Hjort,  K.,  Hansson,  M.,  &  Hallin,  S.  (2010).

Bacterial community diversity in paper mills processing recycled paper. J Ind Microbiol

Biotechnol 37: 1061-1069.

Gupta, R. S. (1998). Protein phylogenies and signature sequences: A reappraisal of

evolutionary relationships among archaebacteria, eubacteria, and eukaryotes. Microbiol Mol

Biol Rev 62: 1435-1491.

Götz, F. (2002) Staphylococcus and biofilms. Mol Microbiol 43: 1367-1378.

Hall-Stoodley, L., Costerton, J. W., & Stoodley, P. (2004). Bacterial biofilms: from the

natural environment to infectious diseases. Nat Rev Microbiol 2: 95-108.

Harshey, R. M. (2003). Bacterial motility on a surface: many ways to a common goal. Annu

Rev Microbiol 57: 249-273.



References

73

Hausner, M., & Wuertz, S. (1999). High rates of conjugation in bacterial biofilms as

determined by quantitative in situ analysis. Appl Environ Microbiol 65: 3710-3713.

Hong, S. H., Jeong, J., Shim, S., Kang, H., Kwon, S., Ahn, K. H., & Yoon, J. (2008). Effect

of electric currents on bacterial detachment and inactivation. Biotechnol Bioeng 100: 379-386.

Houry, A., Briandet, R., Aymerich, S., & Gohar, M. (2010). Involvement of motility and

flagella in Bacillus cereus biofilm formation. Microbiology 156: 1009-1018.

Hughes-Van Kregten, C. M. (1988) Slime flora of New Zealand paper mills. Appita 41: 470-

474.

Husmark, U., & Rönner, U. (1992). The influence of hydrophobic, electrostatic and

morphologic properties on the adhesion of Bacillus spores. Biofouling 5: 335-344.

Jarrell, K. F., & McBride, M. J. (2008). The surprisingly diverse ways that prokaryotes move.

Nat Rev Microbiol 6: 466-476.

Jeong, J., Kim, J. Y., & Yoon, J. (2006) The role of reactive oxygen species in the

electrochemical inactivation of microorganisms. Environ Sci Technol 40: 6117-6122.

Jeong, J., Kim, J. Y., Cho, M., Choi, W., & Yoon, J. (2007) Inactivation of Escherichia coli

in the electrochemical disinfection process using a Pt anode. Chemosphere 67: 652-659.

Jeong, J.,  Kim, C.,  & Yoon, J.  (2009).  The effect  of electrode material  on the generation of

oxidants and microbial inactivation in the electrochemical disinfection processes. Water Res

43: 895-901.

Jiao, Y., Cody, G. D., Harding, A. K., Wilmes, P., Schrenk, M., Wheeler, K. E. et al. (2010).

Characterization of extracellular polymeric substances from acidophilic microbial biofilms.

Appl Environ Microbiol 76: 2916-2922.



References

74

Jucker, B. A., Harms, H., & Zehnder, A. J. (1996). Adhesion of the positively charged

bacterium Stenotrophomonas (Xanthomonas) maltophilia 70401 to glass and teflon. J

Bacteriol 178: 5472-5479.

Junemann, S. (1997). Cytochrome bd terminal oxidase. Biochim Biophys Acta 1321: 107-127.

Kanto Öqvist, C., Kurola, J., Pakarinen, J., Ekman, J., Ikävalko, S., Simell, J., & Salkinoja-

Salonen, M. (2008). Prokaryotic microbiota of recycled paper mills with low or zero effluent.

J Ind Microbiol Biotechnol 35: 1165-1173.

Kaksonen, A. H., Riekkola-Vanhanen, M.L., & Puhakka, J. A. (2003). Optimization of metal

suphide precipitation in fluidized- bed treatment of acidic waste water. Water Res. 37:255-

266.

Kaplan, J. B., Ragunath, C., Ramasubbu, N., & Fine, D. H. (2003) Detachment of

Actinobacillus actinomycetemcomitans biofilm cells by an endogenous beta-hexosaminidase

activity. J Bacteriol 185:4693-4698.

Kerwick, M. I., Reddy, S. M., Chamberlain, A. H. L., & Holt, D. M. (2005). Electrochemical

disinfection, an environmentally acceptable method of drinking water disinfection?

Electrochim Acta 50: 5270-5277.

Kimura, H., Asada, R., Masta, A., & Naganuma, T. (2003). Distribution of microorganisms

in the subsurface of the manus basin hydrothermal vent field in Papua New Guinea. Appl

Environ Microbiol 69: 644-648.

Klimes,  A.,  Franks,  A.  E.,  Glaven,  R.  H.,  Tran,  H.,  Barrett,  C.  L.,  Qiu,  Y.  et  al.  (2010).

Production of pilus-like filaments in Geobacter sulfurreducens in the absence of the type IV

pilin protein PilA. FEMS Microbiol Lett 310: 62-68.

Kolari, M., Nuutinen, J., & Salkinoja-Salonen, M. S. (2001). Mechanisms of biofilm

formation in paper machine by Bacillus species: the role of Deinococcus geothermalis. J Ind

Microbiol Biotechnol 27: 343-351.



References

75

Kolari, M., Schmidt, U., Kuismanen, E., & Salkinoja-Salonen, M. S. (2002). Firm but

slippery attachment of Deinococcus geothermalis. J Bacteriol 184: 2473-2480.

Kolari, M., Nuutinen, J., Rainey, F. A., & Salkinoja-Salonen, M. S. (2003). Colored

moderately thermophilic bacteria in paper-machine biofilms. J Ind Microbiol Biotechnol 30:

225-238.

Kolari, M. (2003). Attachment mechanisms and properties of bacterial biofilms on non-living

surfaces. Academic Dissertation in Microbiology, Dissertationes Biocentri Universitas

Helsingiensis. 12/2003, PhD Thesis.

Kongpol, A., Kato, J., Vagnai, A.S. (2008). Isolation and characterization of Deinococcus

geothermalis T27,  a  slightly  thermophilic  and  organic-solvent  tolerant  bacterium  able  to

survive in the presence of high concentrations of ethyl acetate. FEMS Microbial Lett.

286:227-235.

Lahtinen, T., Kosonen, M., Tiirola, M., Vuento, M., & Oker-Blom, C. (2006). Diversity of

bacteria contaminating paper machines. J Ind Microbiol Biotechnol 33: 734-740.

Lambert, N., Rediers, H., Hulsmans, A., Joris, K., Declerck, P., De Laedt, Y., & Liers, S.

(2010). Evaluation of ultrasound technology for the disinfection of process water and the

prevention of biofilm formation in a pilot plant. Water Sci Technol 61: 1089-1096.

Laue, H., Schenk, A., Li, H., Lambertsen, L., Neu, T. R., Molin, S., & Ullrich, M. S. (2006).

Contribution of alginate and levan production to biofilm formation by Pseudomonas syringae.

Microbiology 152: 2909-2918.

Lawrence,  J.  R.,  Korber,  D.  R.,  Hoyle,  B.  D.,  Costerton,  J.  W.,  &  Caldwell,  D.  E.  (1991).

Optical sectioning of microbial biofilms. J Bacteriol 173: 6558-6567.

Lawrence, J. R., Swerhone, G. D., Kuhlicke, U., & Neu, T. R. (2007) In situ evidence for

microdomains in the polymer matrix of bacterial microcolonies. Can J Microbiol 53: 450-458.



References

76

Leathers, T. D., & Bischoff, K. M. (2010). Biofilm formation by strains of Leuconostoc

citreum and L. mesenteroides. Biotechnol Lett DOI: 10.1007/s10529-010-0450-2.

Lee, J. H., Kim, Y. S., Yeom, S. J., & Oh, D. K. (2010). Characterization of a glycoside

hydrolase family 42 beta-galactosidase from Deinococcus geothermalis. Biotechnol Lett DOI

10.1007/s10529-010-0459-6.

Lemon, K. P., Higgins, D. E., & Kolter, R. (2007). Flagellar motility is critical for Listeria

monocytogenes biofilm formation. J Bacteriol 189: 4418-4424.

Lemon, K. P., Earl, A. M., Vlamakis, H. C., Aguilar, C., & Kolter, R. (2008). Biofilm

development with an emphasis on Bacillus subtilis. Curr Top Microbiol Immunol 322: 1-16.

Li,  Y.,  Sun,  H.,  Ma,  X.,  Lu,  A.,  Lux,  R.,  Zusman,  D.,  &  Shi,  W.  (2003).  Extracellular

polysaccharides mediate pilus retraction during social motility of Myxococcus xanthus. Proc

Natl Acad Sci U S A 100: 5443-5448.

Liedert, C., Bernhardt, J., Albrecht, D., Voigt, B., Hecker, M., Salkinoja-Salonen, M., &

Neubauer, P. (2010). Two-dimensional proteome reference map for the radiation-resistant

bacterium Deinococcus geothermalis. Proteomics 10: 555-563.

Liu, W. K., Brown, M. R., & Elliott, T. S. (1997). Mechanisms of the bactericidal activity of

low amperage electric current (DC). J Antimicrob Chemother 39: 687-695.

Lovley, D. R. (2008). The microbe electric: conversion of organic matter to electricity. Curr

Opin Biotechnol 19: 564-571.

Ma, L., Lu, H., Sprinkle, A., Parsek, M. R., & Wozniak, D. J. (2007). Pseudomonas

aeruginosa Psl is a galactose- and mannose-rich exopolysaccharide. J Bacteriol 189: 8353-

8356.

Mack, D., Fischer, W., Krokotsch, A., Leopold, K., Hartmann, R., Egge, H., & Laufs, R.

(1996). The intercellular adhesin involved in biofilm accumulation of Staphylococcus



References

77

epidermidis is a linear beta-1,6-linked glucosaminoglycan: purification and structural analysis.

J Bacteriol 178: 175-183.

Maillard, J. Y. (2002). Bacterial target sites for biocide action. Symp Ser Soc Appl Microbiol

(31): 16S-27S.

Makarova, K. S., Aravind, L., Wolf, Y. I., Tatusov, R. L., Minton, K. W., Koonin, E. V., &

Daly,  M.  J.  (2001).  Genome  of  the  extremely  radiation-resistant  bacterium Deinococcus

radiodurans viewed from the perspective of comparative genomics. Microbiol Mol Biol Rev

65: 44-79.

Makarova, K. S., Omelchenko, M. V., Gaidamakova, E. K., Matrosova, V. Y., Vasilenko, A.,

Zhai, M., Lapidus, A., Copeland, A., Kim, E., Land, M., Mavrommatis, K., Pitluck, S.,

Richardson, P. M., Detter, C., Brettin, T., Saunders, E., Lai, B., Ravel, B., Kemner, K. M.,

Wolf, Y. I., Sorokin, A., Gerasimova, A. V., Gelfand, M. S., Fredrickson, J. K., Koonin, E.

V., & Daly MJ (2007). Deinococcus geothermalis: the pool of extreme radiation resistance

genes shrinks. PLoS One 2: e955.

Mata, J. A., Bejar, V., Llamas, I., Arias, S., Bressollier, P., Tallon, R. et al. (2006).

Exopolysaccharides produced by the recently described halophilic bacteria Halomonas

ventosae and Halomonas anticariensis. Res Microbiol 157: 827-835.

Matsunaga, T., Nakayama, T., Wake, H., Takahashi, M., Okochi, M., & Nakamura, N. (1998).

Prevention of marine biofouling using a conductive paint electrode. Biotechnol Bioeng 59:

374-378.

Mattila, K. (2002). Biofilms on stainless steel exposed to process waters. Academic

Dissertation in Microbiology, Dissertationes Biocentri Universitas Helsingiensis. 15/2002,

PhD Thesis.

Mattimore, V., & Battista, J. R. (1996). Radioresistance of Deinococcus radiodurans:

functions necessary to survive ionizing radiation are also necessary to survive prolonged

desiccation. J Bacteriol 178: 633-637.



References

78

Maukonen, J., Saarela, M., & Raaska, L. (2006). Desulfovibrionales-related bacteria in a

paper mill environment as detected with molecular techniques and culture. J Ind Microbiol

Biotechnol 33: 45-54.

Mayer, C., Moritz, R., Kirschner, C., Borchard, W., Maibaum, R., Wingender, J., &

Flemming, H. C. (1999). The role of intermolecular interactions: studies on model systems

for bacterial biofilms. Int J Biol Macromol 26: 3-16.

Mazumder,  S.,  Falkinham,  J.  O.,3rd,  Dietrich,  A.  M.,  &  Puri,  I.  K.  (2010).  Role  of

hydrophobicity in bacterial adherence to carbon nanostructures and biofilm formation.

Biofouling 26: 333-339.

Murata, H., Koepsel, R. R., Matyjaszewski, K., & Russell, A. J. (2007) Permanent, non-

leaching antibacterial surface--2: how high density cationic surfaces kill bacterial cells.

Biomaterials 28: 4870-4879.

Nadell,  C.  D.,  Xavier,  J.  B.,  &  Foster,  K.  R.  (2009).  The  sociobiology  of  biofilms. FEMS

Microbiol Rev 33: 206-224.

Neu, T., Swerhone, G. D., & Lawrence, J. R. (2001). Assessment of lectin-binding analysis

for in situ detection of glycoconjugates in biofilm systems. Microbiology 147: 299-313.

Nickel, J. C., Ruseska, I., Wright, J. B., & Costerton, J. W. (1985). Tobramycin resistance of

Pseudomonas aeruginosa cells growing as a biofilm on urinary catheter material. Antimicrob

Agents Chemother 27: 619-624.

Nudleman, E., & Kaiser, D. (2004). Pulling together with type IV pili. J Mol Microbiol

Biotechnol 7: 52-62.

Nuñez, M. E., Martin, M. O., Chan, P. H., & Spain, E. M. (2005). Predation, death, and

survival in a biofilm: Bdellovibrio investigated by atomic force microscopy. Colloids Surf B

Biointerfaces 42: 263-271.



References

79

Ojeda, J. J., Romero-Gonzalez, M. E., Bachmann, R. T., Edyvean, R. G., & Banwart, S. A.

(2008). Characterization of the cell surface and cell wall chemistry of drinking water bacteria

by combining XPS, FTIR spectroscopy, modeling, and potentiometric titrations. Langmuir 24:

4032-4040.

Osman, S. F., Fett, W. F., & Fishman, M. L. (1986). Exopolysaccharides of the

phytopathogen Pseudomonas syringae pv. glycinea. J Bacteriol 166: 66-71.

O'Toole,  G.  A.,  &  Kolter,  R.  (1998).  Flagellar  and  twitching  motility  are  necessary  for

Pseudomonas aeruginosa biofilm development. Mol Microbiol 30: 295-304.

Otto, K., Elwing, H., & Hermansson, M. (1999). The role of type 1 fimbriae in adhesion of

Escherichia coli to hydrophilic and hydrophobic surfaces. Colloids and Surfaces B:

Biointerfaces 15: 99-111.

Paulus, W. (1993). Microbicides for the protection of materials. A handbook. Chapman &

Hall, 2-6 Boundary Row, London, UK, p. 496.

Peng, J. S., Tsai, W. C., & Chou, C. C. (2001). Surface characteristics of Bacillus cereus and

its adhesion to stainless steel. Int J Food Microbiol 65: 105-111.

Perez-Roa, R. E., Anderson, M. A., Rittschof, D., Hunt, C. G., & Noguera, D. R. (2009).

Involvement of reactive oxygen species in the electrochemical inhibition of barnacle

(Amphibalanus amphitrite) settlement. Biofouling 25: 563-571.

Pirttijärvi, T. S., Graeffe, T. H., & Salkinoja-Salonen, M. S. (1996). Bacterial contaminants in

liquid packaging boards: assessment of potential for food spoilage. J Appl Bacteriol 81: 445-

458.

Plette, A. C. C., van Riemsdijk, W. H., Benedetti, M. F., & van der Wal, A. (1995). pH

Dependent Charging Behavior of Isolated Cell Walls of a Gram-Positive Soil Bacterium. J

Colloid Interface Sci 173: 354-363.



References

80

Poortinga, A. T., Smit, J., van der Mei, H. C., & Busscher, H. J. (2001). Electric field induced

desorption of bacteria from a conditioning film covered substratum. Biotechnol Bioeng 76:

395-399.

Pratt,  L.  A.,  &  Kolter,  R.  (1998).  Genetic  analysis  of Escherichia coli biofilm formation:

roles of flagella, motility, chemotaxis and type I pili. Mol Microbiol 30: 285-293.

Prince, V., Simao-Beaunoir, A. M., & Beaulieu, C.(2009). Amplified ribosomal DNA

restriction analysis of free-living bacteria present in the headbox of a Canadian paper

machine. Can. J. MIcrobial. 55:810-817.

Raaska, L., Sillanpaa, J., Sjoberg, A. M., & Suihko, M. L. (2002). Potential microbiological

hazards in the production of refined paper products for food applications. J Ind Microbiol

Biotechnol 28: 225-231.

Rabinovitch, C., & Stewart, P. S. (2006). Removal and inactivation of Staphylococcus

epidermidis biofilms by electrolysis. Appl Environ Microbiol 72: 6364-6366.

Rasmussen, K., & Lewandowski, Z. (1998). Microelectrode measurements of local mass

transport rates in heterogeneous biofilms. Biotechnol Bioeng 59: 302-309.

Raulio, M., Pore, V., Areva, S., Ritala, M., Leskela, M., Linden, M. et al. (2006). Destruction

of Deinococcus geothermalis biofilm by photocatalytic ALD and sol-gel TiO2 surfaces. J Ind

Microbiol Biotechnol 33: 261-268.

Raulio, M., Jarn, M., Ahola, J., Peltonen, J., Rosenholm, J. B., Tervakangas, S., Kolehmainen,

J., Ruokolainen, T., Narko, P., & Salkinoja-Salonen, M. (2008). Microbe repelling coated

stainless steel analysed by field emission scanning electron microscopy and physicochemical

methods. J Ind Microbiol Biotechnol 35: 751-760.

Rawlings, D. E., & Johnson, D. B. (2007). The microbiology of biomining: development and

optimization of mineral-oxidizing microbial consortia. Microbiology 153: 315-324.



References

81

Reguera, G., Pollina, R. B., Nicoll, J. S., & Lovley, D. R. (2007). Possible nonconductive role

of Geobacter sulfurreducens pilus nanowires in biofilm formation. J Bacteriol 189: 2125-

2127.

Rivas, L., Fegan, N., & Dykes, G. A. (2007). Attachment of Shiga toxigenic Escherichia coli

to stainless steel. Int J Food Microbiol 115: 89-94.

Rosche,  B.,  Li,  X.  Z.,  Hauer,  B.,  Schmid,  A.,  &  Buehler,  K.  (2009).  Microbial  biofilms:  a

concept for industrial catalysis? Trends Biotechnol 27: 636-643.

Rossmoore, H. W. (2001). Nitrogen compounds. In Disinfection, sterilization, and

preservation. S. S. Block. 5th edn. Walnut Street, Philadelphia, PA, USA, Lippinscott

Williams & Wilkins, pp. 383-413.

Rowley, B. A., McKenna, J. M., Chase, G. R., & Wolcott, L. E. (1974). The influence of

electrical current on an infecting microorganism in wounds. Ann N Y Acad Sci 238: 543-551.

Rättö, M., Suihko, M. L., & Siika-aho, M. (2005). Polysaccharide-producing bacteria isolated

from paper machine slime deposits. J Ind Microbiol Biotechnol 32: 109-114.

Rättö, M., Verhoef, R., Suihko, M. L., Blanco, A., Schols, H. A., Voragen, A. G. et al. (2006).

Colanic acid is an exopolysaccharide common to many enterobacteria isolated from paper-

machine slimes. J Ind Microbiol Biotechnol 33: 359-367.

Saarimaa, C., Peltola, M., Raulio, M., Neu, T. R., Salkinoja-Salonen, M. S., & Neubauer, P.

(2006). Characterization of adhesion threads of Deinococcus geothermalis as type IV pili. J

Bacteriol 188: 7016-7021.

Sand, W., & Gehrke, T. (2006). Extracellular polymeric substances mediate

bioleaching/biocorrosion via interfacial processes involving iron(III) ions and acidophilic

bacteria. Res Microbiol 157: 49-56.



References

82

Scott, E. M., & Gorman, S. P. (2001). Glutaraldehyde. In Disinfection, sterilization, and

preservation. S. S. Block. 5th edn. Walnut Street, Philadelphia, PA, USA, Lippinscott

Williams & Wilkins, pp. 361-379.

Seto,  A.,  Saito,  Y.,  Matsushige,  M.,  Kobayashi,  H.,  Sasaki,  Y.,  Tonouchi,  N.  et  al.  (2006).

Effective cellulose production by a coculture of Gluconacetobacter xylinus and Lactobacillus

mali. Appl Microbiol Biotechnol 73: 915-921.

Sheng, X., Ting, Y. P., & Pehkonen, S. O. (2008). The influence of ionic strength, nutrients

and pH on bacterial adhesion to metals. J Colloid Interface Sci 321: 256-264.

Shime-Hattori, A., Iida, T., Arita, M., Park, K. S., Kodama, T., & Honda, T. (2006). Two

type  IV  pili  of Vibrio parahaemolyticus play different roles in biofilm formation. FEMS

Microbiol Lett 264: 89-97.

Siitonen, P. (2004). Korroosiokäsikirja (Corrosion handbook, in Finnish). In 2nd edn.

Rajamäki, KP-media Oy, p. 930.

Simoes,  M.,  Pereira,  M.  O.,  &  Vieira,  M.  J.  (2005).  Action  of  a  cationic  surfactant  on  the

activity and removal of bacterial biofilms formed under different flow regimes. Water Res 39:

478-486.

Simons, B., & da Silva Santos, C. (2005). The hidden cost of oxidants in microbial deposits

control in papermaking. Paperi ja Puu-Paper and Timber 166-169.

Singh, R., Paul, D., & Jain, R. K. (2006). Biofilms: implications in bioremediation. Trends

Microbiol 14: 389-397.

Sriyutha Murthy, P., & Venkatesan, R. (2009). Industrial biofilms and their control. In

Marine and industrial biofouling. H. C. Flemming, P. Sriyutha Murthy, R. Venkatesan & K.

E. Cooksey (eds). Berlin Heidelberg, Springer, pp. 65-101.



References

83

Stewart, P. S., Roe, F., Rayner, J., Elkins, J. G., Lewandowski, Z., Ochsner, U. A., & Hassett,

D. J. (2000). Effect of catalase on hydrogen peroxide penetration into Pseudomonas

aeruginosa biofilms. Appl Environ Microbiol 66: 836-838.

Stoodley, P., Sauer, K., Davies, D. G., & Costerton, J. W. (2002). Biofilms as complex

differentiated communities. Annu Rev Microbiol 56: 187-209.

Strathmann, M., Wingender, J., & Flemming, H. C. (2002). Application of fluorescently

labelled lectins for the visualization and biochemical characterization of polysaccharides in

biofilms of Pseudomonas aeruginosa. J Microbiol Methods 50: 237-248.

Suihko, M. L., & Skyttä, E. (1997). A study of the microflora of some recycled fibre pulps,

boards and kitchen rolls. J Appl Microbiol 83: 199-207.

Suihko, M. L., Sinkko, H., Partanen, L., Mattila-Sandholm, T., Salkinoja-Salonen, M., &

Raaska, L. (2004). Description of heterotrophic bacteria occurring in paper mills and paper

products. J Appl Microbiol 97: 1228-1235.

Suihko,  M.  L.,  Partanen,  P.,  Mattila-Sandholm,  T.,  Raaska,  L.(2005).  Occurence  and

molecular characterization of cultivable mesophilic and thermophilic obligate anaerobic

bacteria isolated from paper mills. Syst Appl microbiol 28: 555-561.

Suominen,  I.,  Suihko,  M.  L.,  &  Salkinoja-Salonen,  M.  (1997).  Microscopic  study  of

migration of microbes in food-packaging paper and board. J Ind Microbiol Biotechnol 19:

104-113.

Suominen,  I.,  Sproer,  C.,  Kampfer,  P.,  Rainey,  F.  A.,  Lounatmaa,  K.,  & Salkinoja-Salonen,

M. (2003). Paenibacillus stellifer sp. nov., a cyclodextrin-producing species isolated from

paperboard. Int J Syst Evol Microbiol 53: 1369-1374.

Sutherland, I. (2001). Biofilm exopolysaccharides: a strong and sticky framework.

Microbiology 147: 3-9.



References

84

Takahashi, H., Suda, T., Tanaka, Y., & Kimura, B. (2010). Cellular hydrophobicity of

Listeria monocytogenes involves initial attachment and biofilm formation on the surface of

polyvinyl chloride. Lett Appl Microbiol 50: 618-625.

Thormann, K. M., Saville, R. M., Shukla, S., Pelletier, D. A., & Spormann, A. M. (2004).

Initial Phases of biofilm formation in Shewanella oneidensis MR-1. J Bacteriol 186: 8096-

8104.

Tian, B., Xu, Z., Sun, Z., Lin, J., & Hua, Y. (2007). Evaluation of the antioxidant effects of

carotenoids from Deinococcus radiodurans through targeted mutagenesis,

chemiluminescence, and DNA damage analyses. Biochim Biophys Acta 1770: 902-911.

Tian,  B.,  Wang,  H.,  Ma,  X.,  Hu,  Y.,  Sun,  Z.,  Shen,  S.  et  al.  (2010).  Proteomic  analysis  of

membrane proteins from a radioresistant and moderate thermophilic bacterium Deinococcus

geothermalis. Mol Biosyst 6: 2068-2077.

Tian, B., & Hua, Y. (2010). Carotenoid biosynthesis in extremophilic Deinococcus-Thermus

bacteria. Trends Microbiol.18: 512-520.

Tielen, P., Rosenau, F., Wilhelm, S., Jaeger, K. E., Flemming, H. C., & Wingender, J. (2010).

Extracellular enzymes affect biofilm formation of mucoid Pseudomonas aeruginosa.

Microbiology 156: 2239-2252.

Tiirola, M., Lahtinen, T., Vuento, M., & Oker-Blom, C. (2009). Early succession of bacterial

biofilms in paper machines. J Ind Microbiol Biotechnol 36: 929-937.

Uhlinger,  D.  J.,  &  White,  D.  C.  (1983).  Relationship  Between  Physiological  Status  and

Formation of Extracellular Polysaccharide Glycocalyx in Pseudomonas atlantica. Appl

Environ Microbiol 45: 64-70.

van der Borden, A. J., van der Mei, H. C., & Busscher, H. J. (2004). Electric-current-induced

detachment of Staphylococcus epidermidis strains from surgical stainless steel. J Biomed

Mater Res B Appl Biomater 68: 160-164.



References

85

van der Borden, A. J., van der Mei, H. C., & Busscher, H. J. (2005) Electric block current

induced detachment from surgical stainless steel and decreased viability of Staphylococcus

epidermidis. Biomaterials 26: 6731-6735.

van Loosdrecht, M. C., Lyklema, J., Norde, W., Schraa, G., & Zehnder, A. J. (1987).

Electrophoretic mobility and hydrophobicity as a measured to predict the initial steps of

bacterial adhesion. Appl Environ Microbiol 53: 1898-1901.

Varga, J. J., Therit, B., & Melville, S. B. (2008). Type IV pili and the CcpA protein are

needed for maximal biofilm formation by the gram-positive anaerobic pathogen Clostridium

perfringens. Infect Immun 76: 4944-4951.

Vatanyoopaisarn, S., Nazli, A., Dodd, C. E., Rees, C. E., & Waites, W. M. (2000). Effect of

flagella on initial attachment of Listeria monocytogenes to stainless steel. Appl Environ

Microbiol 66: 860-863.

Verhoef, R., Schols, H. A., Blanco, A., Siika-aho, M., Ratto, M., Buchert, J. et al. (2005).

Sugar composition and FT-IR analysis of exopolysaccharides produced by microbial isolates

from paper mill slime deposits. Biotechnol Bioeng 91: 91-105.

Väisänen, O. M., Mentu, J., & Salkinoja-Salonen, M. S. (1991). Bacteria in food packaging

paper and board. J Appl Bacteriol 71: 130-133.

Väisänen, O. M., Nurmiaho-Lassila, E. L., Marmo, S. A., & Salkinoja-Salonen, M. S. (1994).

Structure and Composition of Biological Slimes on Paper and Board Machines. Appl Environ

Microbiol 60: 641-653.

Väisänen, O. M., Weber, A., Bennasar, A., Rainey, F. A., Busse, H. J., & Salkinoja-Salonen,

M. S. (1998). Microbial communities of printing paper machines. J Appl Microbiol 84: 1069-

1084.

Wagner, M., Ivleva, N. P., Haisch, C., Niessner, R., & Horn, H. (2009). Combined use of

confocal laser scanning microscopy (CLSM) and Raman microscopy (RM): investigations on

EPS-Matrix. Water Res 43: 63-76.



References

86

Wake, H., Takahashi, H., Takimoto, T., Takayanagi, H., Ozawa, K., Kadoi, H. et al. (2006).

Development  of  an  electrochemical  antifouling  system  for  seawater  cooling  pipelines  of

power plants using titanium. Biotechnol Bioeng 95: 468-473.

Whitchurch,  C.  B.,  Tolker-Nielsen,  T.,  Ragas,  P.  C.,  &  Mattick,  J.  S.  (2002).  Extracellular

DNA required for bacterial biofilm formation. Science 295: 1487.

Wolfaardt, G. M., Lawrence, J. R., Robarts, R. D., & Caldwell, D. E. (1998). In situ

Characterization of Biofilm Exopolymers Involved in the Accumulation of Chlorinated

Organics. Microb Ecol 35: 213-223.

Wolgemuth, C., Hoiczyk, E., Kaiser, D., & Oster, G. (2002). How myxobacteria glide. Curr

Biol 12: 369-377.

Wood, P., Jones, M., Bhakoo, M., & Gilbert, P. (1996). A Novel Strategy for Control of

Microbial Biofilms through Generation of Biocide at the Biofilm-Surface Interface. Appl

Environ Microbiol 62: 2598-2602.

Zhang, B., Zhao, L., & Lin, J. (2008). Study on superoxide and hydroxyl radicals generated

in indirect electrochemical oxidation by chemiluminescence and UV-Visible spectra. Journal

of Environmental Sciences 20: 1006-1011.

Zogaj, X., Nimtz, M., Rohde, M., Bokranz, W., & Romling, U. (2001). The multicellular

morphotypes of Salmonella typhimurium and Escherichia coli produce cellulose as the

second component of the extracellular matrix. Mol Microbiol 39: 1452-1463.


