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1 Introduction 
1.1 Biofilm Formation in Technical Systems 
1.1.1 Biofilms - the Superior Life Form  
Microorganisms can exist in two life forms: as a sessile form in a biofilm, which is the 
more predominant life form of bacteria, or as a planktonic form, in which they float or 
swim in a liquid medium. It is estimated that more than 90 % of bacteria exist in bio-
films (Chambers et al., 2013). The change from the planktonic state to the sessile 
form is causing the formation of a biofilm, which consists of a matrix made of various 
organic compounds like polysaccharides, proteins or lipids and inorganic molecules 
like salt ions or particles (Schaule et al., 2000; Flemming et al., 2007) and the bacte-
ria which produce this matrix. Biofilms can be made by monocultures of bacterial 
species or by a mix of microorganisms. 
Biofilms are an important ubiquitously present part of nature on this planet. They are 
part of the global carbon-, nitrogen- and oxygen-cycle and can be found everywhere 
from the permafrost soil in the arctic (Warwick et al., 2009; Lopatina et al., 2013) to 
tropical rivers (Jorand et al. 2011). Biofilms actively occupy new habitats; for example 
microorganisms growing on marine plastic debris (Zettler et al., 2013). The microbial 
communities attach to the hydrophobic surface of the plastic with evidence pointing 
towards a role of the microorganism in the degradation of the hydrocarbon polymers. 
Microbial communities, formed by “beneficial” bacteria, on the human skin, are an-
other example of naturally occurring biofilms. These bacteria enhance the natural 
skin protection like the slightly acidic pH, the low moisture content and the high lipid 
content, thereby the bacteria can protect the skin further against the colonization with 
pathogens (Percival et al., 2012). In these examples, the biofilm shows a positive 
influence on its environment from a human perspective. Biofilms with negative ef-
fects, however, also exist, especially regarding human health. For instance the bio-
film that forms on teeth, also referred to as dental plaque, can lead to dental caries 
(Hojo et al., 2009). K. Lewis (2005) states that the majority of infections in the first 
world are caused by biofilm associated microorganisms. This makes research on bio-
films and the possibility for treatments an obligation in terms of human health for the 
next years after developing highly efficient cures against infectious diseases in the 
last centuries. Findings of 3.2 billion years old fossil microorganisms in biofilms and 
the fact that biofilms still form the most prevalent microbial life form, proves that bio-
films are a flexible, efficient and universal life form, that, to some extent, can be com-
pared to “multicellular” organisms to a certain degree (Hall-Stoodley et al., 2004). 
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The biofilm formation, which is depicted in Figure 1-1, starts with the attachment of 

microorganism to a surface; this can be any kind of surface covered with aqueous 

solutions where microorganisms are present (Kumar et al., 1998). The attachment is 

 

Figure 1-1

 

:  Developmental stages of biofilm formation – after the reversible attachment of the cells 
to a surface (1) a layer of EPS is formed (2) along with the formation of micro-colonies 
(3). The attached cells proliferate and the biofilm grows into three dimensional structures 
(4) subsequently single microorganisms or micro-colonies are set free in order to colo-
nize new habitats (5) (Stoodley et al. 2002). 

reversible in the first step: organic and inorganic molecules like proteins and polysac-
charides and salt ions along with bacteria are transported by diffusion towards the 
surface, adsorb and form a conditioning film. The microbial adhesion, and thereby the 
biofilm formation, is at this point significantly influenced by three factors, namely the 
surface of both the microorganisms and the substrate, the composition of the sur-
rounding medium and their interactions (Lawrence et al. 1987). In the second step 
further microorganisms attach to the conditioning film, this process is based on the 
motility, the gravity and the surface structure of the planktonic cells, diffusion and the 
flow force of the surrounding liquid (Kumar et al., 1998; O'Toole et al., 1998). The 
irreversibly attached microorganisms grow and use the compounds of the condition-
ing film as nutrients for cell metabolism. Micro-colonies are forming, which cover the 
surface increasingly. In this growth phase the cells are producing extracellular poly-
meric substances (EPS) or glycocalyx, which support the attachment to the surface. 
The surface characteristics are changing with the microbial activities such as growth 
and EPS secretion, for instance on porous substrata it leads to plugging of the pores 
(Costerton et al., 1995). The monolayer biofilm becomes a three dimensional struc-
ture, which can have dimensions up to several millimeters. This is mostly a slow pro-
cess depending on the cultivation conditions (Melo et al., 1992). From this point on, 
which represents a mature biofilm, cells and micro-colonies are constantly detaching, 
in order to colonize other spots and to enlarge the habitat. Reasons for detachment 
of actively growing cells can be the shearing off of cell aggregates by flow forces or 
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the limitation of nutrients (Stoodley et al., 2001). This last example is achieved 
through active detachment of the microorganism by means of secreting chemicals 
like cis-2-decenoic acid (Davies et al., 2009) or D-amino acids (Vlamakis et al., 2013) 
and thereby changing the interaction of the cells with the EPS. 
The formation of a biofilm is influenced by a number of conditions and factors some 
enhance the biofilm stability and formation, others show inhibitory effects. One im-
portant finding is that primarily physiological and genetic influences determine the 
biofilm architecture and thereby the stability of the biofilm (Cunningham et al., 1991; 
Kjelleberg et al., 2002; Ohashi et al., 1999; van Loosdrecht et al., 1997). It has been 
proven, that during the transition from planktonic life to biofilm life the phenotypes of 
the microorganisms changes in terms of differently regulated growth rates (Donlan et 
al., 2002). This can be seen in Bacillus subtilis which is a short, motile rod in its 
planktonic state and changes into a longer, non-motile form, building chains and clus-
ters in the biofilm associated phenotype (Vlamakis et al., 2013). Another example for 
the change of phenotype is the microbial metabolism. As the biofilm matures, anaer-
obic areas are formed and in these zones facultative anaerobic bacteria switch their 
metabolisms from aerobic to anaerobic (Stoodley et al., 2002). But also the contact 
with the surface has an influence on the gene expression. This was proven by the 
observation that within 15 minutes after Pseudomonas aeruginosa comes in contact 
with a surface the gene cluster responsible for alginate production is upregulated, 
this initiates the process of biofilm formation (Davies et al., 1995). With the spatial 
development of a biofilm different habitats develop inside the biofilm, for instance as 
already mentioned towards the substratum anaerobic areas exist, but also areas with 
higher or lower concentration of nutrients or different pH (Watnick et al., 2000; 
Schwermer et al., 2008). With the different habitats it is possible for a variety of highly 
specialized microorganisms to grow in short distance, thereby degrade a large num-
ber of sometimes toxic compounds. This increases the resilience of the biofilm further 
(Lewis et al., 2001). Thus the organization of microorganisms in the biofilm is not 
randomly but organized according to the need of the single species (Watnick et al., 
2000).   
Further research proved that a large variety of genes, which control and regulate 
structural and enzymatic elements of the biofilm formation, are part of this complex 
transition of the gene expression change (O'Toole et al., 2000). It was shown that the 
physical form of the biofilm is determined by physical forces and nutritional constraint 
(Cunningham et al., 1991; Stoodley et al., 1998; Szewzyk et al., 2003). Cunningham 
et al. (1991) showed that under laminar flow conditions biofilms had a tendency to 
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grow into thicker but less dense structures compared to those grown in turbulent 
conditions. But also the available nutrients influence the structure of the biofilm. 
Pseudomonas aeruginosa is forming biofilms under almost every nutritional condition 
(O'Toole et al., 2000). Studies show that if Pseudomonas aeruginosa PAO1 is grown 
on glucose, the biofilm shows mushroom-like structures which are separated by mi-
cro-channels for a better supply and distribution of nutrients. But if grown on citrate or 
benzoate Ps. aeruginosa forms flat unstructured biofilms, giving evidence of the im-
pact of nutrients on biofilm structure (Klausen et al., 2003; Costerton et al., 1994).  
One important structural component is the EPS (Stoodley et al., 2002; Garnett et al., 
2012). The EPS is formed by the microorganisms and can consist of up to 97 % wa-
ter (Sutherland, 2001b). Further main constituents are polysaccharides like alginate, 
proteins, lipids and extracellular DNA (Flemming et al., 2007). Additionally particles 
and precipitates can be included and ions, polar and non-polar organic molecules are 
absorbed (Schaule et al., 2000). The EPS determines the living conditions of the mi-
croorganisms in the biofilm by factors such as porosity, hydrophobicity, water con-
tent, sorption properties, density and mechanical stability (Flemming et al., 2007). But 
also the microbial and genetic diversity, and thereby the resilience, is enhanced by 
the possibility of horizontal gene transfer with extracellular DNA (Garnett et al., 2012). 
One aim of the development of the EPS is biowarfare on a microbial level, meaning 
bacteria defend themselves against environmental threats and enable themselves to 
survive in hostile surroundings (Rinker et al., 1996). For instance, the high water con-
tent of the biofilm protects the included microorganisms against desiccation (Ophir et 
al., 1994). The biofilm also traps and retains nutrients and growth components, along 
with enzymes for both degradation of nutrients and antimicrobial agents (Giwercman 
et al., 1991; Kumar et al., 1998; Davey et al., 2000). The EPS and its properties are 
especially important in clinical and industrial settings, where the EPS is in parts re-
sponsible for an increased antibiotic and biocide resistance of the bacteria in the bio-
film (Hoiby et al., 2010). As the EPS matrix is mostly charged negative, due to algi-
nate-compounds, positively charged and hydrophilic antibiotics like aminoglycosides, 
representatives are gentamicin or streptomycin, are trapped within the EPS and are 
thereby becoming ineffective (Davey et al., 2000). Another important effect of the bio-
film matrix is a deceased diffusion or mass transfer rate from the liquid through the 
biofilm matrix forming different gradients in the biofilm, for instance pH and oxygen 
concentration decrease in proximity to the substratum (Cunningham et al., 1991; 
Watnick et al., 2000; Schwermer et al., 2008). The diffusion barrier also enhances 
biocide tolerance as a biocide gradient is created from the bulk decreasing to the sur-
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face of the substratum. But it is not only the EPS that is responsible for the higher 
tolerance towards antimicrobial agents, but also the bacteria within the EPS. 
Costerton et al. (1995) reported an up to 1000 fold higher tolerance of bacteria orga-
nized in a biofilm compared to their planktonic counterparts. Folkesson et al. (2008) 
found that the structure of a biofilm has an influence on the tolerance of the bacteria 
towards different antimicrobial agents. They demonstrated that by developing a toler-
ant subpopulation inside the biofilm, the bacteria show an increased survival rate. 
This is influenced by the spatial arrangement of the biofilm, as it makes a difference 
whether the biofilm is a flat unorganized structure or a highly organized, mushroom 
like structure. Inside the organized structures gradients exist, that promote antibiotic 
tolerance by a possible change of the phenotype of the bacteria inside the biofilm. 
Other forms of survival are persister cells that show no active metabolism, but are not 
dead. Studies show that their metabolism is shut down to a low level that makes de-
tecting any metabolic activities almost impossible (Amato et al., 2014). Persistence is 
influenced by the nutritional condition of the environment and is a reversible pheno-
type (Bernier et al., 2013). With the circumstance of persister cell formation inside 
biofilms a large number of biocides and antibiotics are not effective, as they suppress 
cell division or need actively metabolizing cells to work (Gilbert et al., 1997; Lewis et 
al., 2005).  
Biofilms can be seen as a form of bacterial community and when forming a communi-
ty, a way of communicating is essential. Quorum sensing (QS) is regarded as com-
munication between microorganisms. A number of compounds, for instance 
homoserin lactones (HSL), are known to be QS regulators, which lead to a regulation 
of gene expression in biofilm associated bacteria. QS can take place as a response 
to other bacteria or to the environment (Carnes et al., 2010; Horswill et al., 2007; 
Redfield et al., 2002). The secretion of HSL in a micro-colony of a monospecies bio-
film of Ps. aeruginosa lead to enhanced growth of the neighboring micro-colony, and 
may also influence the composition and organization of a biofilm in terms of increas-
ing the amount of multidrug-tolerant persister cells (Moker et al., 2010; Flickinger et 
al., 2011). Extracellular compounds were also identified to enhance biofilm formation 
and subsequent detachment in Pseudomonas fluorescens biofilms, which grew faster 
and detached earlier, when incubated in the supernatant of a two day old culture of 
the same organism compared to development in freshly prepared culture medium. 
The supernatant contained an exopolysaccharide lyase, cleaving the EPS. The addi-
tion of a chemical substance, N-acyl-hexanoyl-homoserine lactone, to nutrient broth 
had the same effect on growth as the supernatant and led to the detachment of the 
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biofilm (Allison et al., 1998). Furthermore QS can also influence the resistance of co-
cultured microorganisms, as it was found for 4-hydroxy-2-heptylquinoline-N-oxide 
(HQNO), which is secreted by Ps. aeruginosa (Shank et al., 2009). When Staphylo-
coccus aureus is growing in co-culture with Ps. aeruginosa, HQNO increases the an-
tibiotic resistance of St. aureus, which is highly relevant in clinical settings as multi-
resistant St. aureus species are often the reason for nosocomial infections.  
The coexistence of numerous species is another important feature of living in bio-
films, which presents an advantage in terms of survival. The biofilms formed by multi-
species cultures are more stable and thicker than monospecies biofilms (Kumar et 
al., 1998). Interspecies communication leads to the formation of water channels in 
mixed species biofilms, thereby enhancing the supply with nutrients and water 
(Stoodley et al., 2002). This is a remarkable unique situation in terms of communica-
tion and coordinated activity between different species which leads to a functional 
multispecies biofilm community (Stoodley et al., 2002).  
Biofilms can be found in different industrial settings, especially in settings other than 
pharmaceutical and food processing industry, where strict hygienic guidelines and 
legal regulations have to be followed. In the following parts biofilms appearing in pro-
duction lines of industrial areas related to the mineral oil industry, their compositions, 
problems arising due to biofilm formation and countermeasures that are taken in the 
different industrial fields are presented. One particular problem affecting a large 
number of industries is biocorrosion, which arises from biofilm growth on metal sub-
strata. This is addressed in the next chapter.   
 

1.1.2 Biocorrosion 
One effect that is attributed to biofilms is microbial induced corrosion. According to 
the DIN EN ISO 8840, corrosion is the physico-chemical interaction of a metal with its 
environment, which leads to a measurable alteration of the metal properties. As a 
consequence the functionality of the metal and the whole system can be diminished. 
Corrosion can be separated into different kinds of reactions, depending on the reac-
tion partners or the position of corrosion on a metal system. Examples are the oxy-
gen corrosion or oxidation, which leads to rust formation on iron, the acidic corrosion 
of zinc, which causes the formation of hydrogen or as a further example the microbial 
induced corrosion (MIC) or biocorrosion. Biofilms play an important part in MIC. The 
microbial surface modification depends on the microbial composition of the biofilm 
and on the properties of the metal (Flemming et al., 1995; Beech et al., 2004). The 
EPS is also of significance, as the EPS, and extracellular enzymes immobilized 
therein, show metal ion binding capacities leading to an accumulation of metal ions 



Introduction 

7 
 

and can result in damage to the underlying substratum (Beech et al., 2002). In the 
biofilm anoxic areas are formed, wherein sulfate reducing bacteria can proliferate. 
Sulfate reducing bacteria (SRB), which can be found in anaerobic areas in biofilms, 
are responsible for the loss of steel passivity by releasing products of their metabo-
lism, especially sulfides from the type of FeS, FeS2 and NiS (Chen et al., 1997). Fur-
thermore biofilms create an (electro)-chemical gradient between the substratum and 
the solution which can be seen as a galvanic element, leading to MIC. Another pos-
sible route for MIC is the microbial metabolisms, producing weak organic acids, 
which can react with inorganic salts like chloride, nitrate, nitrite or sulfate. This can 
lead to the formation of the corresponding strong inorganic acids hydrochloride, sulfu-
ric, nitric and nitrous acid, which will cause chemical corrosion enhanced by microor-
ganisms (Passman et al., 2013). In addition to these possibilities, MIC is also in-
creased by the microbial degradation of corrosion inhibitors (Videla, 1994).  
As mentioned SRB play an important role in MIC by releasing H2S as a by-product of 
their metabolism and by oxidizing iron which functions as an electron donor in sulfate 
respiration (Venzlaff et al., 2013). They can be seen as part of a galvanic cell, there-
by leading to an even higher rate of biocorrosion. In mixed culture biofilms the pres-
ence of SRB can have an immense effect. Especially in terms of biocide resistance, 
an influence of SRB can be seen in the increasing resistance of a fungal biofilm, con-
sisting of Cladosporium resinae, towards an isothiazolone mixture, when SRB were 
growing on the metal surface (Guiamet et al., 1996). Neria-Gonzalez et al. (2006) 
characterized the biofilm associated bacteria from an oil pipe line in Mexico. The iso-
lated bacteria, including Desulfovibrio spp., Enterobacter spp. and Citrobacter spp., 
were able to corrode X52 steel coupons after 40 days of exposure. Pseudomonas 
spp. were found to be able to grow on and use iron, different steels, including stain-
less steel, and aluminum and thereby be responsible for the biocorrosion of these 
(Dexter, 2003). Another ubiquitously present bacterial species, Bacillus spp., was 
found to be responsible for MIC in fuel tanks (McNamara et al., 2005). With reference 
to the latter examples, the culprits causing MIC do not only belong to anaerobic SRB 
or other metal reducing bacteria but also, as stated by Dexter (2003), to organic acid 
producing bacteria. These are mainly responsible for MIC in aerobic environments.  
The technical impact of MIC becomes noticeable in pitting and crevice corrosion, de-
alloying or selective leaching or under-deposit corrosion (Little et al., 1997). Corro-
sion in MWF systems can lead to leaky tank systems or piping which can affect the 
working process and can also lead to environmental damage in case of MWF flood-
ing from leaky tank systems. Flemming et al. (1995) estimated that approximately a 
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percentage of 20 % of all damage on metal and building material is caused by 
biocorrosion. According to Koch et al. (2002) the total costs caused by corrosion 
amount to $ 276 billion per year. In general it is estimated, that the corrosion induced 
losses amount to 5 % of the Gross Domestic Product (GDP) (Biezma et al., 2005). 
That adds up to 140.5 billion € loss in Germany due to corrosion, with a GDP of 
2,809.5 billion € in Germany in 2013 (Destatis 2014). Thereof approx. 28 billion € 
arose from damage caused by biocorrosion, making it an important research field in 
terms of understanding the mechanisms leading to biocorrosion and ways to prevent 
it.  
 

1.1.3 Biofilms in the Oil Production and Fuel Systems 
Crude oil and derived products consist of hydrocarbons of different molecular weight 
and other organic compounds. While crude oil is very heterogeneous in its composi-
tion, fuel products are refined and are more homogenous consisting of alkanes, al-
kenes and cycloalkanes of different chain length, sometimes aromatic compounds, 
especially benzene, toluene and xylene (BTEX), can be found in the liquid. In order 
to stabilize and to improve performance a number of compounds are added to both 
aviation and automotive gasoline. Some examples are aromatic hydrocarbons and 
ethanol used as antiknock additives or substituted phenolic compounds added as 
antioxidants (Dabelstein et al., 2000). Anti-icing agents, which are mostly alcohols or 
surfactants, and corrosion inhibitors, mainly surfactants, are also frequently admixed; 
furthermore biocides are added for inhibition of microbial contamination (Gaylarde et 
al., 1999). 
Biofilms and microbial contaminations in oil production and fuel system are subject to 
research for a long time with the first published research dating back to the first dec-
ades of the 20th century (Söhngen, 1913). Biofilms can be found in every kind of fuel 
system: aircrafts, ships and automotive, but also in the petroleum production area 
starting with deep oil reservoirs up to water ponds in shallow oil reservoirs or oil-
contaminated areas in the ocean (Rauch et al., 2006; Bento et al., 2001; da Cunha et 
al., 2006; Al-Awadhi et al., 2007). As water is a prerequisite for life, no growth can be 
detected as long as fuel or oil is free of water. But as soon as small amounts of water 
are condensing, fungi and other microorganisms are able to grow. Within these bac-
teria a number of strains are able to produce biosurfactants, thereby aggravating the 
problem of dissolved water in the oil phase (Passman, 2013). The results of these 
biofilms range from simple financial loss, because of the degradation of oil/fuel, to 
sludge formation in storage tanks to microbial induced corrosion (MIC) to more seri-
ous consequences (Gaylarde et al., 1999). Especially in aviation, biodeterioration can 
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have tremendous impact on humans, as it leads to fuel pipe clogging and failure, en-
gine component damage, wing tank corrosion and aircraft disaster (Rauch et al., 
2006; Gaylarde et al., 1999). These effects are only negative from a human point of 
view; the same bacteria are also used in bioremediation, then serving for a positive 
outcome from a human perspective. A positive example of hydrocarbon degrading 
bacteria is their presence in case of oil spills. On the coast line of the Arabian Gulf 
alkaliphilic bacteria can be isolated from biofilms, in which they exist with cyanobacte-
ria. Here they are valuable as they belong to the self-healing capacity of nature and 
can be seen as bioremediation of oil polluted coast lines (Al-Awadhi et al., 2007). 
In order to characterize biofilms in technical oil systems, e.g. fuel storage tanks; the 
system can be separated into three zones important for biofilm formation: the oil/fuel 
zone, an aqueous zone underneath due to higher density and the steel zone of the 
tank wall or the stone wall in case of natural reservoirs. Most microbiological life will 
grow on the interfaces between air, the oil/fuel phase, the aqueous phase and the 
tank walls, thereby building different microenvironments. One of the major deteriora-
tion agents for fuels is Cladosporium resinae, which as other filamentous fungi grows 
at the fuel-water interface and can build thick mycelial mats which can be thicker than 
one cm (Passman, 2003), thereby plugging filters. C. resinae metabolizes hydrocar-
bons with chain lengths C9-C19 (Gaylarde et al., 1999); the metabolites are acidic 
compounds, thereby reducing the pH in condensed water and give way to an in-
creased corrosion of the tank system. But not only fungi are able to degrade fuels 
and oils, also a large variety of bacteria are able to grow on hydrocarbons for in-
stance Acinetobacter venetianus, Pseudomonas putida and Alcaligenes faecalis. 
They were isolated from the superficial waters of Venice Lagoon and proven to be 
able to degrade diesel fuel (n-alkanes mixture C12-C28) and form biofilms in one 
week. Here it was also shown that co-cultures can have a beneficial effect on the 
growth of the single bacteria (Pepi et al., 2003). Furthermore, species belonging to 
the genus Bacillus are able to grow on fuels and were isolated from aviation fuel sys-
tems, where the biofilm develops over a period of one to three months (Itah et al., 
2009; Rauch et al., 2006; Passman 2003). But not only aviation fuels are contami-
nated by microorganisms, also in automotive fuels microorganisms can be found 
(Rodriguez-Rodriguez et al., 2009). Four fuel storage tanks were examined for mi-
crobial contaminations. The isolated bacteria belonged with more than 90 % to Gram 
positive bacteria including the genera Bacillus, Micrococcus and Staphylococcus. 
These bacteria degrade fuel, making it unusable or diminish the quality of the fuel, 
eventually leading to a financial loss. The highest efficiency in terms of hydrocarbon 
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degradation can be seen for mixed population of oil degraders. This also depends on 
the heterogeneity of the substrate, the higher the heterogeneity the higher the degree 
of degradation due to co-oxidation of compounds that are otherwise undegradable 
(Leahy et al., 1990). Another very serious problem is the corrosion of oil or fuel pipes 
and tanks, as this can lead to oil spills by bacteria causing biocorrosion.  
The monitoring of fuel systems can be separated into two parts, preventive measures 
and remediation of contaminated fuels. As an important part of contamination preven-
tion, the system design should consider proper tank ventilation and as far as possible 
avoid routes for water contamination as the biofilm formation rate increases with the 
amount of water in the system (Passman, 2013). Another consideration points in the 
same direction of changing water solubility: the concentration of fuel additives that 
enhance water solubility, like alcohols and fatty acid methyl esters, should be kept as 
low as practicable, as water solubility increases with increasing concentration of the 
mentioned compounds (Shah et al., 2010). Furthermore systems should be designed 
with a high fuel turnover, as this decreases the possibility of contamination 
(Passman, 2013). 
A number of techniques can be applied so as to eliminate or diminish the result of 
contamination in oil/fuel systems as part of remediation system. Chesneau (2003) 
recommends physical cleaning as the most effective way of fuel system remediation. 
Methods applied in fuel polishing are filtration and centrifugation, an advantage of 
both methods is the possibility of separating not only bacteria but also various other 
particles. However, especially for large tank systems, cleaning is indispensable due 
to biofilm formation and constant recontamination of the system. Before the need to 
clean storage tanks and in foresight of the consequences of microbial contamination, 
which can cause biocorrosion and thereby lead to leaks into the environment, a strict 
monitoring, removal of water and biofilm and the usage of biocide are advised. Sam-
pling strategies are very important, as the biomass is not evenly distributed in fuel 
systems, but heterogeneously with higher biological burden in the aqueous phase on 
the tank bottom and on the wall-surfaces covered with biofilm (Passman et al., 2007). 
This makes representative sampling very complicated. The American Society of Test-
ing and Materials (ASTM) developed a practical best practice guideline for collecting 
and handling samples for microbiological testing, stating recommendations for sam-
pling materials, transport to the laboratory, microbial analysis and record keeping 
(ASTM D7464). Biocide addition is a further element of contamination prevention. As 
biocides are harmful to nature and humans, their use is regulated by law in most 
countries. A very important requirement in fuel systems is a broad spectrum of effec-
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tiveness, due to the large biodiversity found in fuel systems including bacteria, fungi 
and, according to Passman (2013), archaea. Furthermore, when evaluating the ac-
tivity of a biocide, the relevance of biofilms should be kept in mind, as biofilms are the 
major biomass contributor in the system. The commonly used antimicrobial agents in 
fuel systems are, according to Passman (2013) blends of different isothiazolinones 
and a mixture of a morpholine and a dimorpholine compound. Concluding it can be 
said, that the most important part in fuel system monitoring is the monitoring of water 
and to remove water as far as possible.  
 

1.1.4 Biofilms in Paints and Lacquers 
Examples for products derived from petroleum are paints, varnishes and lacquers. 
Besides aesthetic purposes, they are applied to protect the surface from corrosion, 
oxidation weathering or other forms of deterioration. In general theses fluids consist 
of a chromophoric pigment, a vehicle, a solvent and a number of additives depending 
on the process. The texture can be from paste like with a high viscosity to fluids with 
a viscosity comparable to water. Especially binding agents, solvents and additives 
are organic compounds most of the time based on petroleum. An important factor in 
terms of biodeterioration is the amount of water used in paint formulation. As it is 
mandatory to achieve environmentally friendly paints, most of the organic solvents 
are exchanged towards water soluble paints, thereby showing a higher biodegrada-
bility in waste disposal. A negative co-effect is the higher rate of microbial contamina-
tion of paints. As binding agents, solvent and additives are organic compounds de-
rived from petrochemicals, the same problems arise as with petroleum. These fluids 
are also subject to microbial degradation and biofilm formation in various stages of 
their application, starting with already contaminated raw products and in the produc-
tion process itself (Obidi et al., 2009), during storage of paints (Fulmer et al., 2011), 
during various application processes (Gühring, 2000; Remus, 2011) and on the sur-
face after application (Fulmer et al., 2011; Sterflinger et al., 2013). The effects of the-
se biofilms show ranges from high financial impact in case of contaminated coating 
fluids in the automotive industry, when complete baths have to be exchanged prior 
time (Remus, 2011), to a reputational damage for a company if a product charge has 
to be recalled up to an impact on the world’s cultural heritage like biofilms on paint-
ings (López-Miras et al., 2013; Sterflinger et al., 2013).  
The contaminating microorganisms identified belong to no particular family; it rather 
depends on the process. In the automotive coating process Burkholderiales, espe-
cially Burkholderia cepacia, can be isolated both from biofilms and from the liquid 
phase, additionally but with a lower frequency Bacillaceae and Pseudomonadaceae 
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could be found (Gühring, 2000; Remus, 2011). The microbial diversity found in the 
biofilm in an automotive coating system was high with over 150 different species iso-
lated (Remus, 2011). Even in household paints biofilms and microbial contaminations 
can be detected. Obidi et al. (2009) surveyed the microbial status of a freshly pro-
duced paint for ten months and found an increase in the microbial burden up to 
~107 CFU/gpaint after the 5th month, along with a decrease of pH, transmittance and 
viscosity. The isolated bacteria belonged to different species, namely Bacillus spp., 
Lactobacillus spp., Proteus mirabilis and Escherichia coli. Two fungal species were 
isolated: Aspergillus niger and Penicillium citrinum. Parallel the biocide concentration 
decreased after five months, thereby also reducing the shelf life of the paint. As an 
explanation they conclude that dormant cells in torn-off biofilms in the paints become 
viable after a certain adaption time, leading to the contamination of the liquid. One 
side effect of the microbial growth is the sometimes strong smell of the contaminated 
liquid. As a source for the biofilm contaminated raw materials and biofilms in the pro-
duction line were identified. In publications on more basic research about microor-
ganisms in aqueous paints, Bacillus spp., Pseudomonas spp., Proteus spp., 
Enterobacter spp. and Escherichia spp. were specified to be the predominant con-
taminating aerobic bacteria in wet state paints (Gillatt, 2002). This analysis is com-
pleted by another publication on the anaerobic microbiota in aqueous paints consist-
ing Bacteriodes spp., Clostridium spp., Desulphovibrio spp. and Bifidobacterium spp. 
(Opperman et al., 1984). Here also SRB are stated as contaminants, making 
biocorrosion a possible threat if the paint is applied to a metal surface. The microor-
ganisms responsible for the deterioration of cultural heritage belong mostly to fungi 
and bacteria, with a predominance of one particular species depending on the mate-
rial in question. On stone and concrete buildings fungi are the prevalent microorgan-
isms, whereas in humid areas cyanobacteria, algae and lichens predominate in the 
contamination (Sterflinger et al., 2013). Bacterial biofilms also play a significant role 
in the deterioration of painted building surfaces in humid areas.   
In terms of prevention and countermeasures there are also differences depending on 
the industrial application. Biofilms in the coating process of the automotive industry 
are eliminated regularly, but grow back within a short time (Remus, 2011). As the 
detection is carried out with dip-slides, and therefore the results are only available 
after 2-10 days, the usual procedure is a prophylactic overdose of a biocide, which 
does not necessarily solve the problem of consisting biofilms. Remus (2011) found 
that after a mechanical cleaning with high-pressure cleaning prior to chemical clean-
ing and disinfection with a 3 % hydrogen peroxide in a washing zone in the automo-
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tive coating process the problems with contamination could be postponed for a num-
ber of days. For instance the blocking of filters was delayed 5-6 days compared to 
filter-blocking after 1-2 days without the mechanical cleaning. The plant hygienic sta-
tus is highly important during the production of paints. Albeit hygienic measures, dif-
ferent biocides are added, depending on the application of the paint product: pre-
servatives for water based paint to prevent degradation during storage and shipping 
and thereby elongate shelf life, fungicides are added to prevent fungal growth after 
the application to surfaces and anti-foulants are added to special marine paints ap-
plied to ships (Trotz et al., 1986). The preservatives added to wet paints or household 
paints are mostly blends of isothiazolinone compounds (Gillatt, 2002). A new applica-
tion for nanotechnology is the use of nanoparticles like nanosilver with a biocidal ac-
tivity in the paint industry, thereby replacing biocides and some additives. One future 
important field of application of these nanoparticle paints are antibiofilm coatings in 
water systems. Up to date it is not clear how these materials behave after a long pe-
riod of time and under the influence of natural forces like the weather or sun exposi-
tion (Kaiser et al., 2013). Another development is the addition of self-activating anti-
microbials, which are becoming active if certain compounds are added to the paint, 
for instance Kocer et al. (2011) synthesized a hydantoinylacrylamide compound and 
the sodium salt of 2-(acrylamido)-2-methylpropanesulfonic acid. The monomer of 
hydantoinylacrylamide compound is insoluble in water, while the copolymers with the 
sulfonic acid sodium salt were water-dispersible/soluble. The polymers were added to 
a commercially available latex paint, after application and drying the polymers were 
rendered antimicrobial by chlorination with normal household bleach, being capable 
of inactivating Staphylococcus aureus and Escherichia coli within five minute contact 
time.  
As an important example for biofilms, their effects, the use of anti-fouling paints and 
problems arising with their application, the naval industry should be mentioned. In 
terms of biocorrosion or MIC, biofilms on naval steel or in general in marine systems 
can be seen as causing agent. Biofilms on naval steel grown under natural conditions 
consisted of corrosions products and microorganisms. After a certain time period cili-
ates are becoming the dominant organism in the biofilm, feeding on the bacteria 
(Videla, 1994), also algae are part of marine biofilms (Schultz et al., 2011). The for-
mation of biofilm leads to an increase of corrosion rate and a decrease of corrosion 
resistance, as the protective layer of oxidized steel is locally broken down by micro-
organisms or MIC (Belkaid et al., 2011). The effect of algae biofilms on ship hulls is 
an increased frictional resistance with the consequence of increased fuel consump-
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tion during operation (Schultz et al., 2011). One attractive countermeasure with ques-
tionable efficiency is the use of antimicrobial paints on ships. Marine paints or bottom 
paints are enriched with different anti-fouling agents. Starting in the 1950ies up until 
the 1980ies copper compounds and especially organotin compounds like tributyltin 
oxide were used. Interestingly Tang and Cooney (1998) found that the addition of 
tributyltin or cooper ions to a marine paint only delayed the biofilm formation on naval 
steel compared to unpainted or painted without additive for a few days, after which 
the biofilm properties were equal. As an explanation tributyltin/copper-resistant bacte-
ria in the biofilm are stated. One particular problem that anti-fouling ship paints are 
facing is the required environmental safety by law. This necessity has arisen due to 
research about the impact of longlasting use of tributyltin on the marine ecosystem 
which is profoundly in terms of toxicity (Antizar-Ladislao et al., 2008). This makes 
particularly clear, that the use of any anti-microbial substance has to be tested prior 
use and should not be used disregardful. Starting in the 1990ies the International 
Maritime Organization could implement a ban on tributyltin anti-fouling agents. But as 
already mentioned in 1.1.3, the biodeterioration of paints is only one point of view. 
The same bacteria can be used in bioremediation, then these bacteria show desired 
effects. One aspect of bacteria resistant to anti-fouling agents is their use on biore-
mediation of tributyltin with beneficial effects on nature (Dubey et al., 2003).  
 

1.2 Microbial Contamination in Metal Working Fluids 
1.2.1 Usage and Composition of Metal Working Fluids 
Metal working fluids are applied as adjuvants for several applications in manufactur-
ing technology, above all for cutting operations. Depending on the process different 
kinds of lubricants are used. The main categories are water miscible and non-water 
miscible. Non-water miscible lubricants mainly consist of mineral oil or synthetic oil. 
Water miscible lubricants are highly specialized blends of a multitude of substances, 
containing water, oil and stabilizing substances. The overall used amount of metal 
working lubricants in the first half of 2014 in Germany was 58.8 x 103 tons with 
10.2 x 103 tons of water miscible metal working fluids (MWF). Compared to the first 
half of 2013 this depicts an increase of 2.9 % in used water miscible MWFs 
(Bundesamt für Wirtschaft und Ausfuhrkontrolle, 2014). The reason for applying 
MWFs is cooling and lubrication of the processing area; thereby they prolong the tool 
life and improve the finish quality of the work-piece. Moreover, it is used for chip re-
moval and protection against corrosion (Gilbert et al., 2010). Further required proper-
ties, depending on the manufacturing process, are chemical inertness towards the 
basic material, a proper wettability and stability against microbial contamination. The-
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se characteristics are achieved by adding a number of additives, for instance emulsi-
fiers, defoamers, extreme-pressure additives, stabilizers, corrosion inhibitors and bio-
cides (Gilbert et al., 2010). Furthermore the pH is adjusted to pH 9-9.5, as this has 
antimicrobial effects. Another reason for the alkaline pH is the adverse effect on the 
formation of N-nitrosamine, which are causative agents for cancer, in the lubricant 
(TRGS 611, Bundesanstalt für Arbeitsschutz und Arbeitsmedizin). Table 1-1 lists 
chemicals found in MWFs along with their main functions. The down side of an alka-
line pH of 9-9.5 is the influence on the skin, as in case of skin contact the MWF can 
increase the pH of the skin, thereby making the skin more vulnerable to pathogenic 
microorganisms, allergens and toxic compounds in the MWF (Simpson et al., 2003). 
This has to be particularly emphasized as some chemical compounds found in MWFs 
are known to cause asthma, e.g. ethanolamines (Vallieres et al., 1977).  

Table 1-1

Substance family 

: List of chemical substance families and their main function in metalworking fluids, 
adapted from Müller (2000)  

Main function 
Hydrocarbons (mainly mineral oil) Basic oil 

Mono- and polyvalent alcohols Solubilizer, in part improving lubrication 
properties 

Aliphatic amines Neutralizer, buffer capacity,                      
corrosion inhibitor, emulsifier 

Amino-carbon acids Chelating agents 
Aliphatic carbon acids (in neutralized 
form) 

Emulsifier, improving lubrication proper-
ties 

Fatty acid amides Corrosion inhibitors, emulsifiers 
Natural and synthetic esters and ethers 
of carbon acids Improving lubrication properties 

Aldehyde derivates Biocides 
Succinic acid derivates Corrosion inhibitors 
Heterocyclic compounds Corrosion inhibitors, biocides 
Salts of alkylarylsulfonic acids /                
alkylarylamidosulfonic acids Anionic emulsifiers, corrosion inhibitors 

Sulfonates Anionic emulsifiers, corrosion inhibitors, 
extreme pressure additives 

Boron compounds Corrosion inhibitors, bacteriostatic 
Sulfur and sulfur/phosphorus compounds Extreme pressure additives 
Phosphoric esters Extreme pressure additives 
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The choice of MWF depends on a number of considerations. Depending on the pro-
cess it can be chosen between water miscible and non-water miscible lubricants, this 
also has an effect on the price as non-water miscible MWFs are more expensive in 
purchase. An advantage of non-water miscible lubricants is the high lubrication capa-
bility and the small amount of maintenance. If properly kept and filtered, lubricants 
consisting of oil are inert against contamination by microorganisms as no water is 
present. Therefore it can be used for long time periods. The risks of spilling and the 
hazardous effect on environment and the high cost of disposal can be seen as disad-
vantages.   
Water miscible lubricants show both high lubrication performance and efficient cool-
ing capabilities, which are prerequisites of manufacturing processes. The price is 
lower compared to non-water miscible both in purchase and disposal. One of the 
problems arising with the water content is the risk of microbial contamination. There-
fore maintenance of water miscible metalworking fluids is more elaborate. This pro-
cess will be described in the next paragraph for water miscible MWFs.  
 

1.2.2 Maintenance of MWF 
Water miscible metal working fluids are typically used for a period of six months up to 
one year. Maintenance of the MWF includes filtration of chips and other residuals, 
refilling of water or concentrate and testing for microbial contamination, according to 
the technical rules in Germany (TRGS 611, Bundesanstalt für Arbeitsschutz und 
Arbeitsmedizin). Still MWFs change considerably with time. The composition chang-
es of MWF are caused by various factors that are poorly understood yet. In the pro-
cessing area, polymeric compounds are likely to be hydrolyzed due to temperature 
and pressure conditions. The MWF can be contaminated with tramp oil from hydrau-
lic parts of the machine or lubricating oil and metal fines from the machining process-
es (Simpson et al., 2003). The contamination with tramp oils also enhances the mi-
crobial contamination (Barr et al., 1998). Additionally, the volatile compounds evapo-
rate; the pH value decreases and conditions are formed that promote the proliferation 
of microorganisms. The disappearance of the emulsifiers and formaldehyde improves 
the environmental conditions for bacteria even further. Certain bacterial strains ac-
celerate the decomposition of the MWF by metabolic degradation. The acidic meta-
bolic by-products also lead to a decrease of the pH (Gilbert et al., 2010; National In-
stitute for Occupational Safety and Health (NIOSH) 1998). This leads to phase sepa-
ration and functional loss of the MWF. As a consequence of MWF breakdown, tool 
wear rises, the accuracy diminishes and a reduced surface finish occurs.  
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As part of the recommendation of the technical rules the microbial burden of the 
MWF is determined, most of the time with dip-slides, which are then sent to a labora-
tory along with samples of the MWF for further testing. This includes the determina-
tion of nitrate/nitrite, as this is an indicator for the formation of carcinogenic nitrosa-
mines. Furthermore the oil content is measured, the refraction value as a value for 
dispersion of the emulsion and sometimes the sulfur concentration. In case of un-
wanted properties of the lubricant, the recommendation is to refill lubricant concen-
trate or single compounds of it and adjust the pH to pH 9.5.  
After a certain period of time, the lubricant has to be changed completely. The rec-
ommendations for proper exchange depend on the supplier of the MWF, but in gen-
eral the procedure involves:  

• draining of the used MWF,  
• cleaning with a cleaning agent, therefore the cleaning agent is pumped 

through the complete system, most of the time this liquid consists of a tenside 
and a strong disinfectant, 

• rinsing with water, 
• filling with freshly mixed MWF. 

The duration of the cleaning process depends on the size of the machine and its 
MWF system. As the machine cannot be operated during cleaning it also has a nega-
tive financial effect. This makes clear, that an untimely change caused by microbial 
degradation of the MWF should be prevented. 
Fresh and used MWFs are hazardous materials in accordance to the German Ordi-
nance on Hazardous Substances (Gefahrenstoffverordnung-GefStoffV) and are prob-
lematic with regards to water endangering and occupational safety (Deutsche 
Gesetzliche Unfallversicherung, DGUV, 2009). Companies exist that are specialized 
on the separation of used MWFs, free of any additives or chloric compounds, into 
waste oil and water. The processed water can be led back into the system and the 
waste oil can be recycled. Thereby the expenses for disposal of the used MWF can 
be kept down. But mixtures of metal chips, the filters, halogenated compounds and 
especially MWFs with additives like extreme pressure additives are hazardous waste, 
thereby making the disposal very cost-intensive. The overall related MWF costs can 
be found in the range of 4 % to 16 % of the total manufacturing costs (Klocke et al., 
1997). Table 1-2 lists a cost calculation for MWF related expenses for a middle sized 
machine with a MWF volume of 200 l and an individual MWF system. As can be seen 
in Table 1-2, the highest amount of expenses is related to the maintenance and ex-
change of MWF. Therefore untimely exchanges of MWF are a not negligible cost fac-
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tor, making proper MWF management not only important because of occupational 
health issues but also because of financial issues. Additionally in terms of eco friend-
liness and resource efficiency it is important to increase the usage time of MWFs. 
On the practical side, there are different ways of handling the monitoring and mainte-
nance of MWF system, depending strongly on the operator and on company guide-
lines. Especially the concentration of biocides is a weak point of a MWF system.  

Table 1-2

Position 

: Cost calculation for MWF related expenses (adapted from Betrieblicher Umweltschutz in 
BW, 2010) 

Monthly expenses 
MWF induced investment costs: MWF-tank, pump, band filter; 
ca. 5,000 €; six year depreciation 70,-  € 

MWF expenses: 5 % emulsion (0,30 €/L); 200 L- tank, 3 
month operating time, 50 % loss through entrainment 50,-  € 

Labor utilization: work input for mixing, refilling and MWF 
monitoring etc., 2 h x 30 €/month 60,- € 

Energy costs: operation of MWF System parts, supply pump, 
filter system 1.5 kW, 8 h/day 20,- € 

Operational expenses: machine down-time during mainte-
nance, repairing, MWF exchange; 3 h x 50 €/month 150,- € 

Disposal costs: exchange after three months, disposal costs 
of 150 €/m³ 10,- € 

Resulting total amount of expenses 360,- € 
 

As biocides in high concentrations are toxic to humans and on the other side low 
concentrations are ineffective and may even cause bacterial resistance, the usage 
range for a biocide is narrow. This theoretical consideration is in stark contrast to re-
ality, in which the biocide concentrations in MWFs vary significantly from the manu-
facturer’s recommendation (Mattsby-Baltzer et al., 1989). A survey on the influence 
of good maintenance of MWFs in 31 industrial sites in the UK found that most sites 
failed to meet industrial good manufacturing practice, as the fluid management was 
poor most of the time (Simpson et al., 2003). Recommendation was made to set up a 
guideline for proper fluid management. 
 

1.2.3 Microbial Contamination, its “Results” and Countermeasures  
Microbial contamination of water miscible metal working fluids is a well-known prob-
lem in MWF management, which not only has negative financial and environmental 
effects but can also represent a potential health hazard for employees. Cell numbers 
higher than 106 CFU/ml are detected frequently, speaking for heavy contaminations 
found in MWFs. Particularly the detection of 106 cells/ml of Pseudomonas spp. by 
Saha et al. (2012c), a potentially pathogenic species, shows the necessity to monitor 
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MWFs in order to take counteraction against the contamination. The table with an 
overview on published results concerning cell numbers detected in MWFs can be 
found in the appendix under Table 10-1 along with a more precise list of published 
results with the microorganisms isolated from MWF in the appendix under Table 
10-2. 
Occupational diseases in relation to MWFs can be caused in two ways either through 
the exposition to a high cell number of sufficient time period or the contact with a 
specific pathogen. Potential pathogens like Alcaligenes faecalis or Mycobacterium 
immunogenum were frequently detected in MWFs (Perkins and Angenent 2010; 
Kapoor and Yadav, 2012). Especially Mycobacterium immunogenum is associated 
with cases of hypersensitive pneumonitis in machine operators (Wilson et al., 2001; 
Gilbert et al., 2010). In both the MWF itself and the MWF aerosol around a machine 
potentially pathogenic bacteria were detected (Gilbert et al., 2010; Perkins and 
Angenent 2010). 
For the reason of possibly present pathogenic microorganisms and in order to under-
stand the mechanisms behind the unwanted microbial presence, the contamination 
has to be investigated more intensively. One important parameter is the biodiversity 
so as to understand whether only highly adapted bacteria can proliferate in lubri-
cants. Also the routes of contamination are important. As the mixing water usually is 
non-sterile water, mostly tap water is used, it is one possible source of contamination. 
Lodders and Kämpfer (2012) investigated the biodiversity in water miscible lubricants 
and in the water used for mixing (water preparation basis, WPB) by employing both 
classical cultivation techniques and cultivation independent methods. They isolated 
around 100 genera from ten MWF samples and seven WPB with a high variation 
within the samples ranging from 1-22 genera per sample, with 11 isolates belonging 
to risk group 2 species according to TRBA 466 (TRBA 466 Bundesanstalt für 
Arbeitsschutz und Arbeitsmedizin). There was no correlation between the isolates 
from the WPB and the corresponding MWF, suggesting that the bacteria in the mix-
ing water is no source for contamination. Furthermore the data suggest that the kind 
of lubricant (mineral oil, semi-synthetic or synthetic) does not play any role in the con-
tamination. In another study carried out in the UK, an in-use metalworking fluid was 
examined for microbial growth, along with characterizing the biodiversity (van der 
Gast et al., 2001). More than 60 isolates were characterized belonging to 13 different 
species, with Citrobacter freundii and Pantoea agglomerans being the predominant 
species along with the genus Pseudomonas. Citrobacter freundii is known to produce 
H2S, a toxic gas, and organic acids in anaerobical metabolism (Borenshtein et al., 
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2006). In a second study by the same author (van der Gast et al., 2003) more than 
ten MWFs from different suppliers from four different countries (USA, Korea, UK and 
Ireland) were examined. The results show a high diversity in MWFs in general, but 
when looking at a single MWF the biodiversity is low with mostly one predominant 
genus or species. This was confirmed by the work of another group (Gilbert et al., 
2010), in their work the biodiversity of 44 MWF systems in Canada was determined. 
Their results also show a low biodiversity, averagely ten species per MWF system, 
but high cell levels of approx. 108 CFU/ml. In general the findings show a relative low 
diversity in the MWF. 
As already mentioned another very serious problem is the presence of pathogenic 
microorganisms in MWF systems. For instance Pseudomonas fluorescens was iso-
lated from contaminated MWF and the surrounding air during a study on a relation 
between contaminations in MWF and respiratory symptoms like extrinsic allergic 
alveolitis (Fishwick et al., 2005). In another study the predominant contaminating bac-
teria belonged to Alcaligenes faecalis (Perkins and Angenent, 2010). They also found 
a significant difference in microbial load depending on the season, with higher cell 
counts in summer time. As the MWF system represents a complex environment in-
cluding anoxic areas, anaerobic bacteria can be present for instance sulfate reducing 
bacteria (SRB) which produce H2S. Hydrogen sulfide is a highly toxic gas with a 
broad spectrum of effect. One of the effects is comparable with hydrogen cyanide in 
binding to the enzymes of the cellular respiratory chain, thus preventing cell respira-
tion (Burgess et al., 1995; Costigan, 2003). In summary it can be said that the biodi-
versity of liquid MWFs is comparable to the biodiversity found in petroleum and 
paints. An important fact that has to be stressed is the presence of pathogens in the 
MWF. Large variations between machines exist with predominant populations of 
Gram negative bacteria.  
The question one has to ask is: how do microorganisms survive in a harsh and hos-
tile environment like MWF?  
One important requirement heterotrophic microorganism have, is a source of energy 
and fixed carbon. The exact formulation of the mineral oil base of MWF depends on 
the manufacturer; but in general it consists of organic compounds used as emulsifier, 
stabilizer, long chain fatty acids and alcohols as already shown in Table 1-1. These 
compounds can be degraded by microorganism, making life in such a harsh envi-
ronment possible. But also soluble oils, organic sulfonates and oleates, naphthenic 
acids can be degraded by bacteria isolated from MWF, in particular Pseudomonas 
oleovorans, (Sabina & Pivnick 1956; Foxall-Vanaken et al., 1986). This is an exten-
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sion to the results already mentioned, indicating that besides the fatty acid derivates 
also naphthenic compounds are readily degraded by bacteria. Even biocides or com-
pounds with biostatic properties, for instance alkanolamine borate or formaldehyde 
release derivatives, can be used by bacteria as energy sources (Sherburn, 1999; 
Mirdamadi et al., 2005; Rabenstein et al., 2009). 
One of the major differences between reality and laboratory set ups is that the con-
tamination consists of mixed populations most of the time; this was not taken in ac-
count in these experiments. Rabenstein et al. (2009) found that in case of the degra-
dation of mono-ethanolamine, the degradation was more rapid when a mixed culture 
was used compared to monocultures of the corresponding species with equal cell 
concentration, speaking for a synergistic effect of bacteria in MWF. A similar result 
was shown for the degradability of polyethylene glycol (PEG), which is an additive in 
lubricants. Its degradability depends on the molecular weight, with molecular weights 
higher than 1000 g/mol being considered undegradable. But the synthrophic associa-
tion of a Flavobacterium sp. and a Pseudomonas sp. makes it possible to degrade 
high molecular PEG completely, which neither of the two species can degrade in 
monoculture (Gu, 2003). Results from an earlier work by Mattsby-Baltzer et al. (1989) 
point in the same direction: in an attempt to colonize MWF in vitro with bacteria iso-
lated from a used MWF, they found that the growth of Pseudomonas 
pseudoalcaligenes is a prerequisite for the growth of Klebsiella sp. and other 
enterobacteria. Their results suggest that Ps. pseudoalcaligenes is degrading the 
added biocides, thereby making way for growth of other bacteria.  
As a counteraction against microbial contamination, biocides are added and the pH 
of the lubricant is set to pH 9-9.5. Dilger et al. (2005) investigated the difference in 
preserved and non-preserved MWFs and found in both kinds of MWFs high counts of 
bacteria, but pathogenic bacteria were isolated almost exclusively in the preserved 
MWF, these bacteria were naturally found to be tolerant against the biocides. As a 
pragmatic countermeasure against pathogens, they artificially inoculated a non-
preserved MWF with a number of environmental, non-pathogenic bacteria to form a 
stable biotope and thereby prevent pathogenic bacteria to grow in the MWF but also 
eliminate pathogenic bacteria, especially Mycobacterium immunogenum which is re-
sponsible for a number of MWF related infections in workers, from an already existing 
contamination (Dilger et al., 2005). 
As mycobacteria are human pathogens, it is important to detect these in addition to 
other bacteria in the lubricant. On the laboratory scale a number of methods exist to 
detect mycobacteria from used lubricants. One possibility is the flow cytometric de-
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tection and quantification of mycobacteria stained with a fluorescent dye (Chang et 
al., 2004); the detection limit reached was 104 cells/ml of contaminated lubricant. 
Based on these results, Chang et al. (2005) compared the recovery efficiency of 
immunomagnetic separation and centrifugation of mycobacteria from MWF; subse-
quently the mycobacteria were detected by flow cytometry. They found that 
immunomagnetic separation led to a significantly higher recovery rate by the order of 
a magnitude, thus a cleaner MWF, compared to traditional centrifugation techniques. 
To reach a lower detection limit and also to work culture independent Khan and 
Yadav (2004) employed real time PCR. They specifically addressed the problem of 
mycobacteria and pseudomonads in MWF and establish a protocol to detect these 
genera by rt-PCR, comparing the result with classical culturing methods. For both 
target bacteria, the authors state a detection limit as low as 10 cells/ml MWF. The 
comparison between this culture independent method and classical plating suggests 
an underestimation of contamination by classical plating of at least one order of mag-
nitude.   
One possible way of recontamination is a biofilm in the lubrication system. The rec-
ommended way of maintenance is a cleaning procedure at a certain time. At the point 
of changing the lubricant, the tank is cleaned, but not the tubing system along with 
the pumps. These cleaning strategies are not sufficient in cleaning the tank system, 
as a study on tracking the microbial growth for six month after cleaning the tank and 
recharging it with fresh MWF proves (Veillette et al., 2004). Within twelve hours past 
cleaning and refilling, the neat lubricant was already contaminated with cell numbers 
up to 7 x 106 cells/ml increasing up to 6 x 108 cells/ml after six months. 
Other cleaning methods are available on the market, but are not able to eliminate the 
problem of contaminated MWF. The employment of these methods extends the MWF 
usage time by removing the contaminating planktonic bacteria. These methods in-
clude a UV disinfection of the water used for mixing (Falkinham 2009; Johnson and 
Phillips 2002) and the application of ozone (Gerulova et al., 2013). Certain aspects 
on the engineering, design and operation of machines have to be observed for prop-
er MWF management. This should include a filter system to remove all particles from 
the MWF; the possibility to reach every spot in the machine for mechanical cleaning; 
the prevention of contamination with hydraulic oil and a MWF system that is closed 
as far as possible. 
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1.2.4 Biofilms in Metal Working Machines 
With the knowledge that MWFs are prone to microbial contamination in the same way 
as the technical fluids mentioned before, there is surprisingly little published research 
about biofilms in MWF systems, the focus is on planktonic contaminations. The first 
article of biofilms in aqueous MWF was published in 1988 by Cook and Gaylarde. 
They investigated the influence of a triazine biocide on the biofilm development in a 
laboratory lubrication system model. In the MWF with biocides added, the cell num-
bers in the biofilm were as high as in the bulk of the liquid itself, both containing more 
than 109 cells/cm² or 109 cells/ml, respectively. After a physical disruption of the bio-
film, the cell numbers in the bulk fluid increased up to 20 times, this suggests that the 
majority of the cells are attached to the surfaces in the system. The composition of 
the microbial contamination shifted towards filamentous fungi in the contamination 
when biocides were added (Cook and Gaylarde 1988). In another research work on 
the microbial growth in MWF, Mattsby-Baltzer et al. (1989) detected a number of bac-
teria in biofilms from a machine tank including enterobacteria like Shewanella 
putrefaciens and Escherichia coli, but surprisingly they could not isolate the predomi-
nant liquid contaminant Ps. pseudoalcaligenes from the biofilm. Veillette and 
Coworkers (2004) investigated the microbial growth in a MWF system after cleaning, 
and found an instant recontamination, especially with mycobacteria. They propose as 
an explanation for recontamination the presence of biofilms in the tubing system, but 
did no research in that direction. One of the few publications on the topic of biofilms 
and MWFs contained the detection of rRNA group I pseudomonads in contaminated 
MWF and biofilm formation by fluorescent in situ hybridization (FISH) (Saha et al., 
2012c). The biofilm formation by two Pseudomonas species, namely Ps. fluorescens 
and Ps. oleovorans subsp. lubricantis, was investigated, as these are common and 
dominant contaminants in MWF (Saha et al., 2010; van der Gast et al., 2003). The 
results show different architectures of biofilms depending on the microorganism. Dif-
ferences were found in the thickness and the colonization patterns with Ps. 
oleovorans subsp. lubricantis colonizing in tight circular clusters, whereas Ps. 
fluorescens grew with a more even distribution. In the research works of Lucchesi et 
al. (2012) and Trafny et al. (2013b) the influence of different biocides on the biofilm 
formation and the biofilm forming capacity of MWF native microorganisms was inves-
tigated. Lucchesi et al. (2012) used different substrata for biofilm growth and found 
that biofilm development takes place independent of the substratum, with maturation 
within one week. Furthermore they tested the susceptibility of the biofilm towards a 
triazine antimicrobial, with the results showing that the working concentration has to 
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be adjusted precisely, as a too low concentration shows no effect on the biofilm, 
whereas a too high concentration is harmful for workers. Trafny et al. (2013b) found 
that the biofilm formation depends on the MWF formulation and the bacterial compo-
sition of the biofilm, speaking for a specific contamination adapted to the MWF in a 
particular machine. They also found that biocide addition reduces the biofilm for-
mation in 65 % of the samples, but showed no effect on Mycobacterium 
immunogenum biofilms whatsoever, which is particularly important as this is a human 
pathogen.  
Concluding it can be said, that evidence of biofilms in MWF systems exists which 
suggests an important role of Pseudomonas spp., in particular Pseudomonas 
oleovorans and Ps. fluorescens in biofilm formation.   
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1.3 Purpose of Thesis and Scope of Work 
The microbial analyses of MWF published in the last decades give a very extensive 
picture of planktonic contamination, biodiversity and presence of pathogens in 
MWFs. However, this is most probably not the cause, but the result of biofilms exist-
ing in circulating MWF systems. Compared to this, surprisingly little is published on 
the scope of biofilms in MWF systems. Understanding the mechanisms leading to the 
formation of biofilms is the important step towards understanding its function and role 
in environment and thereby being able to prevent its undesired growth in technical 
surroundings and make counteractions possible.  
With this premise the aim of this work was to comprehensively investigate the system 
“Machine – MWF – Environment”, thereby achieving a more precise picture of con-
tamination routes introducing microorganisms into MWFs. A scheme of the investi-
gated environment is depicted in Figure 1-2. 
 

 

Figure 1-2

 

:  Definition of the influences on the microbial status of MWFs. The single parts are investi-
gated in this work. 

This leads to the following scope of this work: 
 

• Clarification of the contamination causes. Are biofilms in a machine re-
sponsible for re-contamination? 

o Examination of possible contamination routes 
o Characterizing and comparing the planktonic and biofilm associated 

microbiota 
o Temporal development of biofilms in machines 
o Influence of machine cleaning 
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• Biofilms as ecological habitats. Is the biofilm composition depending on 
the industrial site or on the machine? 

o Influence of industrial site 
o Influence of machine specifity 
o Influence of spatial differences within a machine  

• In vitro Biofilm model with native MWF isolates. Can environmental con-
ditions influence the capability of bacteria to form a biofilm? 

o Development of an in vitro model 
o Influence of different incubation conditions on the biofilm development 
o Can bacteria, isolated from MWF biofilms, cause biocorrosion on differ-

ent metals? 
• Development of an assay to test the biostability/degradability of MWF 

compounds in biofilm and planktonic culture. 
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2 Material and Methods 
2.1 Chemicals and Equipment  
2.1.1 Chemicals 
All chemicals were bought from Carl Roth GmbH & Co. KG, Karlsruhe, Germany; Sigma Al-
drich AG, Taufkirchen, Germany, or VWR International GmbH, Darmstadt, Germany, in ana-
lytical grade. All microbiological media, if not prepared in the laboratory, were bought from 
mibius e.K, Düsseldorf, Germany besides the API Auxanogramm used for yeast identification 
which was acquired from bioMérieux Deutschland GmbH, Nürtingen, Germany. All primers 
were ordered at Eurofins MWG Operon, Ebersberg, Germany. All enzymes were purchased 
from Promega GmbH, Mannheim, Germany, as was the premixed stain used for the biofilm 
assay. A number of commercially available kits were used. For isolation of whole bacterial 
DNA the pegGOLD Bacterial DNA kit from PEQLAB Biotechnologie GmbH, Erlangen, Ger-
many was used. PCR product isolation was carried out with the high pure PCR purification kit 
from Roche Diagnostics Deutschland GmbH, Mannheim, Germany. The Live/Dead staining 
kit used for fluorescence microscopy was acquired from PromoCell GmbH, Heidelberg, Ger-
many.  
2.1.2 Solutions and broths 
Tryptic Soy Broth/Agar (TSB/A): 15 g/l tryptone 
 5 g/l NaCl 
 5 g/l soytone  
 (20 g/l agar-agar) 
 pH 7.3 
Yeast-Peptone-Glucose Agar (YPG): 3 g/l yeast extract 
 10 g/l peptone 
 20 g/l glucose 
 20 g/l agar-agar 
 pH 6.5  
Sabouraud Dextrose Agar (SDA): 10 g/l peptone 
 40 g/l glucose 
 15 g/l agar-agar 
 pH 5.6 
 optional: 50 mg/l Chloramphenicol 
Phosphate buffered Saline (PBS): 8 g/l NaCl 
 0.2 g/l KCl 
 1.78 g/l Na2HPO4 x 2H2O 
 0.27 g/l KH2PO4 

 pH 7.4 
Plate count agar (PCA) 5 g/l peptone from casein 
 2.5 g/l yeast extract 
 1 g/l glucose 
 15 g/l agar-agar 
 pH 7.0 
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TAE-buffer (50x) 2 mol/l TRIS 
 1 mol/l acetic acid 
 50 mmol/l EDTA 
 pH 8.5 
FISH Hybridization buffer: 0.9 mol/l NaCl 
 20 mmol/l Tris-HCl pH 7.5 
 0.01 % SDS 
 10 % Formamid 
FISH wash buffer: 20 mmol/l Tris-HCl pH7.5 
 5 mmol/l EDTA 
 0.01 % SDS 
 160 mmol/l NaCl 
 

2.1.3 Equipment 
Instrument Manufacturer 
Electrophoretic system Bio-Rad Laboratories GmbH, München, Germany 
TGradient 96 Thermocycler Biometra GmbH, Jena, Germany 
Centrifuge Hettich Mikro 220R Andreas Hettich GmbH, Tuttlingen, Germany 
INTAS Gel Hood Imager INTAS Science Imaging GmbH, Göttingen, Germany 
Analytik Jena Tmix Analytik Jena AG, Jena, Germany 
Photometer SPEKOL 1500 Analytik Jena AG, Jena, Germany 
Axioscope Microscope Carl Zeiss AG, Jena, Germany 
Filter Max F5 Multimode Microplate reader Molecular Devices LLC, Biberach, Germany 
Atomic force microscope Bruker N8 NEOS Bruker GmbH, Berlin, Germany 
 
Software Manufacturer 
Clone Manager Professional 9 Scientific & Education software, Morrisville, NC, USA 
AxioVision Software 4.8  Carl Zeiss AG, Jena, Germany 
INTAS software INTAS Science Imaging GmbH, Göttingen, Germany 
Soft Max Pro 6.3 Molecular Devices LLC, Biberach, Germany 
ScanPanel 1.3.1  Bruker GmbH, Berlin, Germany 
SPIP V6 – Image Metrology A/S  
(AFM Analysis) Image Metrology A/S Denmark 

Color extract Cool PHP tools, NJ, USA 
 

2.2 Probed Machines and Sites 
2.2.1 Seestraße 
Two different facilities were subject to this research. The first facility is a very small company 
with two machines in one working hall. The size of the room, in which the machines are posi-
tioned, is 40 m². The adjacent part of the hall is unused during most of the year; therefore the 
water tubing system is rarely used, making a biofilm development in the water tubing system 
more probable. The machine room contains two machines: a milling machine from here on 
named SS-M1 and a turning machine SS-M2. In both machines the lubricant Ecocool 2506 S 
by Fuchs was in use with volumes of 200-300 l. 
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2.2.2 Pascalstraße  
The other facility is an industrial scale working hall, with dimensions of 3850 m² and a large 
number of different machines. The machines of interest are positioned in the middle of the 
hall, but not in close proximity. Three machines were subject to this investigation: one milling 
machine (PS-M1) and two turning machines (PS-M2 and PS-M3). The tank volume of PS-M1 
is 850 l, of PS-M2 1000 l and of PS-M3 900 l. In these machines the lubricant Adrana A 401 
by Shell was in use for different periods of time.   
 

2.3 MWF Sampling and Analysis 
2.3.1 Sampling 
Metal working fluids were sampled by direct injection via the jet into a sterile tube or by sterile 
sampling directly from the MWF tank. The samples were always taken freshly (< 1h) before 
analysis.  
 

2.3.2 Chemical Analysis 
In accordance to the technical rules for hazardous substances TRGS 611 (TRGS 611 
Bundesanstalt für Arbeitsschutz und Arbeitsmedizin) pH-value, nitrate/nitrite and sulfate con-
centrations were determined with test strips. The pH tests in the range of pH 7.0 – 14.0 were 
bought from Macherey – Nagel GmbH & Co. KG, Düren Germany, as were the Quantofix 
stripes for the determination of the Nitrate/Nitrite/Sulfate concentration. The tests were car-
ried out as recommended by the supplier and the technical rules (TRGS 611 Bundesanstalt 
für Arbeitsschutz und Arbeitsmedizin).  
 

2.3.3 Microbial Analysis 
Culturing 
Samples of different metal working fluids were serially diluted and then plated on TSA, YPG, 
and SDA with chloramphenicol and GSP in order to isolate all cultivable mesophilic microor-
ganisms and to determine the total colony forming units (CFU)/ml. CFUs were counted after 
seven days incubation at room temperature. Colonies were picked and streaked on either 
TSA or YPG for isolation and subsequent identification. The isolated colonies were Gram 
stained and microscoped to control purity and describe cell morphology. 
Isolation and microscopy 
After purity of the culture has been determined, 10 ml cultures of each isolate were prepared 
and allowed to grow at room temperature to log-phase. The cells were harvested at 4000 x g 
at 4 °C, the supernatants discarded and the cell pellets frozen at -20 °C for further analysis. 
 

2.4 Sampling and Analysis of Contamination Sources 
2.4.1 Analysis of Airborne Microbiota  
The airborne microbiota in the machine halls was analyzed by collecting the microorganisms. 
This was carried out by exposing TSA and YPG to the air in both machine halls. The plates 
were installed at different points on and in close proximity to the machine. The machines 
themselves were not in operating state, therefore it can be excluded that MWF mist was col-
lected. The plates were exposed for 1 h and afterwards incubated for three days at 28 °C. 
The colonies were then handled as described in sections 2.3.3 and 2.5. 
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2.4.2 Analysis of Microbiota in the Mixing Water 
The tap water used for diluting the MWF concentrate was also analyzed microbiologically. 
Water was allowed to run for 5 minutes, in order to ensure the testing of fresh water, instead 
of water standing in the system for an uncertain period of time. After sample taking, 1 ml of 
the tap water was plated on both TSA and YPG with subsequent seven day incubation at 
room temperature. The colonies were then handled as described in sections 2.3.3 and 2.5. 
 

2.4.3 Analysis of Microbiota in the Metal Working Fluid Concentrate 
A further possibility for contamination is an already existing contamination in the MWF con-
centrate, which is diluted with water. In order to examine this possibility, two concentrates 
were used for microbial examination:  

• Ecocool 2506-S (Fuchs Europe, Schmierstoffe GmbH, Mannheim, Deutschland) 
which is used in the small working hall 

• Adrana A 401 (Royal Dutch Shell plc), which is used in the large work hall. 
100 µl of each concentrate was plated in five dilution steps from undiluted to 10-4 on TSA and 
YPG. Every concentration was plated in triplicate. After an incubation of seven days at room 
temperature the plates were analyzed for microbial growth. The colonies were then handled 
as described in sections 2.3.3 and 2.5. 
 

2.4.4 Metals before and after Processing 
As a further source of contamination, the unprocessed metals were tested for naturally ap-
pearing microorganisms. Therefore contact plates of the surface of the metals were made. 
This does not claim to be a complete analysis, only a small portion of microorganisms that 
can be found on a metal environment. The analyzed metals were an unprocessed aluminum-
alloy (AlCuMgPb), stainless steel 1.4571 (before and after processing with machine SS-M1), 
unprocessed copper and unprocessed brass. After an incubation of seven days at room 
temperature the plates were analyzed for microbial growth. The colonies were then handled 
as described in section 2.3.3 and 2.5. 
 

2.5 Identification of Isolated Microorganisms 
2.5.1 Biochemical Staining  
Gram staining was carried out on heat fixed specimen preparations. In the first step crystal 
violet was added in excess. After 2 min incubation, the dye was poured off; Lugol´s solution 
was added and immediately removed. Subsequently Lugol´s solution was added again and 
left for a 2 min incubation, afterwards the specimen was destained with 96 % ethanol, and 
counterstained with safranin for 15 s. The slide was rinsed off with distilled sterile water and 
air dried. Microscopy was then carried out on a Zeiss Axio Imager m2M Microscope (Carl 
Zeiss Microscopy GmbH, Jena, Germany). 
 

2.5.2 Identification of Fungi 
The isolated yeasts were characterized by api auxanogramm YE, following the instructions of 
the manufacturer. The filamentous fungi were identified by their microscopic and macroscop-
ic appearance. 
2.5.3 Isolation of Bacterial Genomic DNA  
Bacterial DNA was isolated with the help of the peqGOLD Bacterial DNA Kit from Peqlab 
GmbH. The isolation was performed following the instructions of the kit and eluting the DNA 
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in 50 µl HPLC gradient grade water. After controlling the positive isolation by gel electropho-
resis with 1 % agarose gels, the DNA solutions were used for 16S rRNA PCR. 
 

2.5.4 16S rDNA Specific PCR 
The necessary primers were designed using the Clone Manager 9 Professional Edition soft-
ware based on the 16S rDNA consensus sequence (see Figure 10-1 in the appendix) ob-
tained from the NCBI-database (http://www.ncbi.nlm.nih.gov/). For the primer design special 
emphasis was given to the characteristics of each primer, so as to avoid any byproducts and 
allow an optimal amplification of the desired product. The chosen primers are listed below. 
An alignment of the highlighted amplified products for conventional PCR with the 16S con-
sensus sequence can be found in Figure 10-2 in the appendix. The fragment to be cloned 
was amplified with rDNA 01 fw x rDNA 03 rev (940 bp). The given size is approximate, based 
on the consensus sequence. The exact length will be slightly different for each microorgan-
ism. 

• rDNA 01 fw: 5’ - CTA ACA CAT GCA AGT CG - 3’ 
• rDNA 03 rev: 5’ - GGT AAG GTT CTT CGC GTT GC - 3’ 

The 16S rDNA amplification was carried out in 25 µl volumes. The exact protocol can be 
found in Table 2-1. A negative control using HPLC gradient grade water instead of DNA solu-
tion was always conducted. 

Table 2-1: Protocol for 16SrDNA PCR of whole bacterial DNA 

Substance Stock concentra-
tion Volume 

Primer 16S rDNA 01 fw 10 µM 1 µL 
Primer 16S rDNA 03 rev 10 µM 1 µL 
Pfu DNA-Polymerase 10X Puffer with 15 mM MgCl2 10x 2.5 µL 
dNTP- Mixture  12.5 mM 0.2 µL 
MgCl2 25 mM 0.5 µL 
BSA 0.1 % 2.5 µL 
Pfu DNA-Polymerase 2 U/µL 0.45 µL 
DNA-Extract 10-200 ng/µL 1-2.5 µL 
Fill up to 25 µl with HPLC gradient grade water 
 

The PCR was performed in a Biometra Thermocycler (Analytik Jena AG, Jena, Germany) 
according to the following program: 
1. Initial denaturation: 94°C   3 min 
2. Denaturation: 94°C  30 s 
3. Annealing: 58°C   25 s 
4. Elongation: 72°C  50 s 
5. Final elongation: 72°C  4 min 
The whole reaction consisted of 30 cycles with each cycle encompassing steps 2 – 4. 
2.5.5 DNA Analysis, Isolation and Sequencing 
Subsequently the PCR product was controlled by DNA gel electrophoresis, purified with the 
high pure PCR product isolation kit from Roche, and sequenced by MWG Eurofins. As se-
quencing primer Primer 16S rDNA 01 fw (Sequence: 5̍ -CTA ACA CAT GCA AGT CG-3ˈ) 
was used.  
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2.5.6 Identification of Microorganisms - Evaluation of Sequencing, Biochemical 
Tests and Morphology 

The identification of the isolates was achieved by comparing the 16S rDNA sequence with 
sequences in the 16S ribosomal RNA (bacteria and archea) database of Blast 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) with the program selection optimized for highly similar 
sequences (megablast). The resulting species were evaluated in terms of percentage se-
quence similarity. With similarities of the sample in question and the best match of ≥  99 % 
the isolate is allocated as a variant of a known species. The characteristics of the species 
with the highest similarity were compared with the results of Gram staining of the isolates 
and their macroscopic and microscopic morphological appearance and only in case of ac-
cordance the isolates were allocated to the species proposed by Blast. In case of sequences 
with DNA similarities between 97 % ≤ best match < 99 %, but with correlating Gram staining 
behavior and similar morphological appearance, only the genus was stated as identification 
of the isolate (Stackebrandt et al. 1994; Drancourt et al. 2005). 
 

2.6 Visual Methods 
2.6.1 Light Microscopy 
Light microscopy and fluorescence microscopy was carried out on a Zeiss Axio Imager M2m 
(Carl Zeiss AG, Jena, Germany) with different filter-sets, depending on the dye used for fluo-
rescence. 
  

2.6.2 Atomic Force Microscopy 
Areas with significant or noticeable biofilm structures, detected with fluorescence microsco-
py, were also visualized with atomic force microscope (NEOS, Bruker Corp., Billerica, USA) 
equipped with an Antimony doped Silicon probe coated with reflective Aluminum by 
Brukerafmprobes (Bruker Corp., Camarilo California, USA). During measurement the lateral 
range was max. 100 µm x 100 µm and the vertical range max. 26 µm, with a scanning speed 
of 0.2 lines/s in non-contact mode. Analysis was carried out with line wise leveling of the da-
ta, using no other filter. This was carried out in order to get information about the three di-
mensional structures of the biofilm and the surrounding EPS.  
 

2.6.3 Fluorescence Microscopy 
A number of fluorescence dyes were used to stain different parts of the biofilm. Prior to stain-
ing, the glass slides were taken from the MWF tank, carefully rinsed with water and then 
stained with the particular dye. 
Unspecific Cell Staining 

DNA was visualized by staining it with 4′ ,6-Diamidin-2-phenylindol (DAPI; excitation: 358 nm; 
emission: 463 nm). Therefore the glass slides were incubated in a 10 µl/ml solution in water 
over night at 37 °C. Afterwards the specimen was twice washed in sterile 0.85 % NaCl-
solution for one hour with slight shaking and then microscoped. 

DAPI staining of DNA  

In order to stain proteins in the biofilm, FilmTracer™ SYPRO® Ruby Biofilm Matrix Stain (Life 
Technologies, Carlsbad, USA) (excitation: 280 nm; emission: 610 nm) was used. The speci-
men was incubated in 2 ml of the dying solution for 3.5 h at room temperature in darkness. 
Subsequently the specimen was rinsed with distilled water and microscoped immediately. 

FilmTracer™ SYPRO® Ruby Biofilm Matrix Stain for Proteins 

 

http://blast.ncbi.nlm.nih.gov/Blast.cgi�
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Lipids were visualized by dying them with nile red (excitation: 559 nm; emission: 637 nm). 
The specimens were incubated in a 1 % solution in PBS for one hour at room temperature in 
darkness, under slight shaking. After the dye was decanted, the specimen was washed thrice 
with PBS, with the final washing step taking one hour at room temperature with slight shak-
ing. The dyed specimen was then stored in darkness in an exsiccator for 48 h and then 
microscoped.  

Nile Red Staining of Lipids 

Furthermore a live/dead staining kit (PromoCell, Heidelberg, Germany) was employed in or-
der to discriminate between living and dead cells. The kit contains two nucleic acid dyes, 
namely a green dye (DMAO, component A, excitation: 490 nm, emission: 515 nm) and a red 
dye (Ethidiumbromid-Homodimer III, EthD-III, component B, excitation: 490 nm and 545 nm, 
emission: 620 nm). The green dye can pass through cell membranes, regardless of the in-
tegrity of the membrane. The red dye can only pass through damaged cell membranes. 
Therefore living cells appear green, while dead cells are stained red. The staining procedure 
was carried out in accordance to the manufacturers’ suggestions. The stock solution contain-
ing both dyes was diluted with 0.85 % NaCl. For every cm² of glass slide one ml of dyeing 
solution was used. The specimen was incubated for 15 min in darkness, washed with sterile 
0.85 % NaCl and subsequently microscoped.  

Live/Dead Staining 

Fluorescence in situ Hybridization 
In order to detect bacteria in the biofilm, Fluorescence in Situ Hybridization (FISH) was car-
ried out. As a probe the general eubacterial probe EUB338 (Amann 1995) was used. It was 
obtained from Eurofins MWG Operon (Ebersberg, Germany) with the following sequence: 5’-
Cy3-GCTGCCTCCCGTAGGAGT-3’. The preparation of the biofilm samples was adapted 
from Thurnheer et al. (2004). The first step consisted of washing the glass slides trice for one 
minute in sterile 0.85 % NaCl. Afterwards the biofilm were fixed with 4 % paraformalde-
hyde/PBS for 60 min at room temperature. The fixed biofilm bacteria were then 
permeabilized by a 10 min treatment at 37 °C with lysozyme (20000 U/mg with a working 
solution of 10 mg/ml in Tris-HCL pH 7.5). The sample was then washed with sterile 
0.85 % NaCl solution. 
FISH started with the pre-incubation of the sample. Therefore the sample was incubated for 
15 min at 46 °C in the hybridization buffer complemented with 19 % formic acid. In the next 
step, namely the hybridization with the probe, the biofilm sample was immersed in the hybrid-
ization buffer with 5 µg/ml probe and 10 % formic acid for 180 min at 46 °C. After the hybridi-
zation the samples were washed for 15 min at 48 °C in the FISH washing puffer and rinsed 
of with sterile 0.85 % NaCl and subsequently microscoped. 
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2.7 Biofilm Experiments 
2.7.1 In situ Development Experiments 
Long Term Biofilm Development 
For the first set of biofilm formation experiments a number of different plastic materials were 
used for biofilm development. The plastic foils consisted of polyurethane (PU, used in three 
forms: with a thickness of 5 mm used in medical devices like heart catheter, in a thinner form 
with 2 mm width and in form of a commercially available wound adhesive), polyethylene (PE) 
and parafilm (consisting of paraffin and polyethene). The coupons were cut into strips of 
1x4 cm, attached to a mount, disinfected with 70 % ethanol and installed in the MWF tank of 
SS-M1. The coupons were completely covered by the lubricant.  
 

Sampling of a Biofilm in a Machine and Subsequent Cleaning 
As one of the major contamination routes an already existing biofilm was analyzed, when the 
MWF system of the machine SS-M1 was cleaned and refilled with fresh MWF. The tank was 
emptied and swabs from various points in contact with MWF were taken. The points are de-
picted in Figure 2-1. 

 
Figure 2-1

The following points were sampled: 
: Sampling points during cleaning of the MWF system of machine SS-M1. 

 #1:  MWF nozzle to the work-piece 
 #2:  MWF pump 
 #3:  tank surface on top of the tank and on the sieve 
 #4:  inside sides of the tank 
 #5:  bottom of the tank 
 #6:  dead spot in the corner of the tank. 

The swabs were used for streaking the samples on plates, which were then incubated for 
seven days at room temperature. The grown colonies were isolated for further identification. 
The colonies were then handled as described in sections 2.3.3 and 2.5. 
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Short Term Biofilm Development after Cleaning 
The second set of biofilm development test was carried out using a PU foil and glass slides, 
so as to be able to visualize the biofilms with microscopy. The other aim of this second batch 
was to find a possible initializing pioneer of biofilm growth. Therefore the experiment was 
carried out only for the short term of 30 days but with short sampling intervals of one day. 
The foils were handled in the same way as before. The glass slides were used for both fluo-
rescence microscopy and atomic force microscopy.  
 

Culturing of Biofilm Bacteria 
In order to disintegrate the biofilm and to culture as many microorganisms as possible, the 
strips were handled differently. The cultivation of the biofilm microorganisms was carried out 
in three ways:  
 Direct culturing of the easily accessible microorganisms on the surface of the biofilm: 

the strip was put on TSA and YPG and levigated,  
 Vortex culture: in order to loosen and detach the biofilm and to bring more biofilm mi-

croorganisms in the planktonic state, the strip was immersed in 1 ml PBS buffer and 
vortexed at full speed for 2 min., subsequently 100 µl, 250 µl and the remainder was 
plated on TSA and YPG,  

 Enrichment culture: the strip was put in 30 ml TSB, incubated for five days at room 
temperature and then 100 µl was plated on TSA and YPG.  

The plates were incubated at room temperature for two weeks. The plates were checked 
daily for microbial growth. Grown colonies were counted, picked and streaked on the original 
culturing medium for further analysis. The isolated colonies were Gram stained and 
microscoped to control purity and describe cell morphology. The colonies were then handled 
as described in sections 2.3.3 and 2.5. 
 

2.7.2 In vitro Biofilm Experiments 
Establishment of an in vitro Biofilm in MWF 
The specific aim of this experiment was to build an in vitro biofilm with MWF bacteria in MWF 
in a reproducible manner. As seen for other complex substrates like the inoculation of hydro-
carbon degrading bacteria in contaminated soil, this is not a trivial task (Zanaroli et al., 2010). 
As an inoculum a mixed species culture was used, Table 2-2 lists the species for the culture. 

Table 2-2

Isolate 

:  Species used for inoculating MWF and in vitro biofilm development in MWF with charac-
teristics: Gram staining (positive [+], negative [-], variable [+/-]), motility (motile [+], im-
mobile [-]), spore formation (able [+], unable [-])  

Species Gram Motility Spores 
1 Bacillus foraminis  + + + 
2 Bacillus pumilus  +/- + + 
3 Brevundimonas vesicularis - + - 
4 Micrococcus luteus  + - - 
5 Oceanobacillus sp.  + + + 
6 Pseudomonas stutzeri  - + - 
7 Pseudomonas oleovorans - + - 
8 Staphylococcus epidermidis  +/- - - 
9 Rothia amarae  + - - 

10 Virgibacillus sp.  + + + 
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The species were used as they represent the broad overview of bacteria contaminating 
MWFs. They were isolated from different MWF systems. The first steps in the preparation of 
in vitro biofilm were liquid cultures of each single bacterium with concentrations of 
107 cells/ml. This was carried out in TSB, the dilution of the cell suspension to a concentra-
tion of 107 cells/ml was also done with TSB. The next step was to mix an equal volume of 
each single species culture, so as to get a mixed species inoculum with a total concentration 
of 107 cells/ml. One ml of the mixed culture was used to inoculate 50 ml TSB in which two 
coupons of PU-foil (6x3 cm) were immersed to grow a biofilm on the foil surfaces. The PU 
coupons were used for the initial biofilm growth and as biofilm inoculant for the MWF experi-
ment.  
The next step was to prepare the mixed species liquid culture again, also with a concentra-
tion of 107 cells/ml; this time it was used as inoculant of 50 ml MWF. The MWF was filled in a 
sterile container, the liquid inoculant was added and the PU foil with the biofilm was sub-
mersed in the MWF, with this the following experiments could be carried out. The complete in 
vitro biofilm formation procedure is depicted in the flowchart in Figure 2-2.  
 

 

Figure 2-2
 

: Flowchart with the procedure to grow an in vitro biofilm in MWF 
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Growth Experiments with a Variation of Different Incubation Conditions 
With this biofilm set up a number of incubation conditions were tested for their influence on 
the biofilm. Different metal slides were used for biofilm growth, the temperature was varied 
and the complete set up was shaken in order to produce turbulences or to have an unmixed 
MWF. The metal slides were all subject to the different variations. As substrata the following 
metals were used in form of slides (7x2x0.1 cm, kindly provided by Helmholtz Zentrum, Ber-
lin):  
 Aluminum alloy [AlMg3 H22/H32]  
 Stainless steel [1.4571 (X6CrNiMoTi 17-12-2)]  
 Non-alloyed copper. 

A glass slide was always co-submersed, in order to have an additional control as bacteria 
can form biofilms on glass easily. The incubation variations are listed in Table 2-3. After one, 
three and seven days samples were taken. In addition to the biofilm analysis, a sample of the 
liquid MWF was taken, in order to be able to correlate the biofilm bacteria with the liquid bac-
teria in the MWF. Of every material nine slides were installed in the container filled with 
MWF. On every sampling three slides were taken and subject to biofilm analysis, as de-
scribed in the following chapter. 

Table 2-3

Material 

:  Influence of different incubation conditions on the in vitro biofilm development, the matrix 
shows the different variation using the example of stainless steel; the same design of 
experiments was carried out with the aluminum alloy, copper and the glass slides.  

Variation number 22 °C 37 °C Turbulence (130 rpm) 

Stainless steel 

1 X   
2  X  
3 X  X 
4  X X 

 

Characterization of the Biofilm 

The viability was determined by using the live/dead staining described in chapter 
Viability  

2.6. By us-
ing an image editing software (http://www.coolphptools.com/color_extract) the percentage of 
the green pixel (as an equivalent to all cells) and the red cells (as an equivalent to dead cells) 
could be calculated and compared in terms of viability related to a certain area. 

𝑉𝑖𝑎𝑏𝑖𝑙𝑡𝑦 = 100 −
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑟𝑒𝑑 𝑝𝑖𝑥𝑒𝑙 
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑟𝑒𝑒𝑛 𝑝𝑖𝑥𝑒𝑙

∗ 100  

 Every image was of the same size with 1388 x 1040 pixels. For every viability value, five 
images from the same substratum slide were taken into account and the given viability value 
is the median value.  
Further information about the biofilm was gained by taking three dimensional images of the 
biofilm, thereby being able to calculate the three dimensional expansion of the biofilm.  

A further characteristic of biofilms is the density of the biofilm in relation to the covered area 
and the density in relation to its dry mass. Therefore the water content, the wet mass and dry 
mass of the biofilm was determined by weighing and drying for 12 hours at 105 °C. The wa-
ter content was calculated by:  

Biofilm Density 
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𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑚𝑎𝑠𝑠wet biofilm −𝑚𝑎𝑠𝑠 dry biofilm 

𝑚𝑎𝑠𝑠 wet biofilm
∗ 100 (1) 

The average biofilm density in relation to the covered area, which is 18.72 cm², was calculat-
ed by: 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 area �
𝑚𝑔
𝑐𝑚2� =  

𝑚𝑎𝑠𝑠 wet biofilm

𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑙𝑖𝑑𝑒𝑠
 (2) 

and the density of the biofilm as a relation of dry weight to wet weight was calculated by: 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 �
𝑚𝑔
𝑔
� =

𝑚𝑎𝑠𝑠 dry biofilm

𝑚𝑎𝑠𝑠 wet biofilm
 (3) 

The surface roughness SA, which is the arithmetic mean of the surface roughness over a 
defined area, of the metal specimen was measured before the in vitro biofilm development. 
After the biofilm development and the subsequent experiments, the biofilm was removed 
from the surface of the respective metal slide and the surface roughness SA was determined 
again by atomic force microscopy.  

Influence of the Biofilm Development on the Metal Surface Roughness 

Along with the biofilm characterization, the MWF was analyzed. This was done to receive 
information about the distribution of the isolated bacteria between the biofilm and the liquid 
MWF. The procedure is described in chapter 

Monitoring of the Corresponding MWF 

2.3.  
 

2.8 MWF Degradation Experiments  
In order to test whether certain compounds are degraded faster than other and whether dif-
ferences in metabolism of biofilm associated and planktonic bacteria exist, and thereby get 
information on their biostability and a possible need to exchange them in MWF formulation 
the following experiments were carried out. As bacterial consortium isolates from industrially 
used MWF were employed (see Table 2–4 for a list). Five species were used in single culture 
and mixed for a 5-species co-culture and a further co-culture consisting of ten species listed 
in Table 2–4 was employed for the experiments.  
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Table 2-4

Species 

:  Selection of species along with a short phenotype description, used for MWF degrada-
tion experiments, the bold printed species were used for single culture testing, two differ-
ent co-cultures were mixed: mix of five with the bold printed species and a mix of ten with 
all listed species 

Gram Morphologic characteristics Origin 

Arthrobacter                       
chlorophenolicus  + 

Strictly aerobic, non-motile 
rods during exponential growth, 
cocci in stationary phase 

MWF/biofilm 

Bacillus pumilus + Aerobic, motile endospore-
forming rods  MWF/biofilm 

Brevibacterium frigoritolerans + Aerobic, non-motile rods, older 
cultures can change into cocci,  MWF 

Burkholderia xenovorans - Strictly aerobic, motile rods Biofilm  

Micrococcus luteus + Strictly aerobic, non-motile 
cocci predominantly in tetrads MWF/biofilm 

Methylobacterium sp. - Strictly aerobic, facultative 
methylotrophic, non-motile rods Biofilm 

Pseudomonas lurida - Strictly aerobic, motile rods MWF/biofilm 
Pseudomonas 
pseudoalcaligenes - Strictly aerobic, motile rods MWF/biofilm 

Pseudomonas oleovorans - Strictly aerobic, motile rods MWF/biofilm 
Ralstonia pickettii - Strictly aerobic, motile rods MWF/Biofilm 
 

The compounds used can be found in Table 2-5, along with the concentrations used in the 
experiments. The concentrations were calculated in accordance to concentrations in MWF 
suggested by manufacturers manual (Adrana A 401, Royal Dutch Shell plc; Ecocool 2506-S  
Fuchs Europe). 

Table 2-5

Compound 

:  MWF compounds with effects and concentration used in degradation experiments with 
bacteria isolated from industrially used MWF, stock concentration states the percentage 
of compound in MWF concentrates. The final concentration used for experiments is stat-
ed in brackets. 

Effect Stock concentration 
(final conc.) [w/v or v/v] 

2-Phenoxyethanol Biocide 10 % (1 %) 
Tergitol Surfactant, emulsifier 2.5 % (0.25 %) 
Oleyl alcohol Solubilizer, lubrication enhancer 2.5 % (0.25 %) 
Monoethanolamine (MEA) Emulsifier, corrosion-inhibitor 2.0 % (2 %) 
Tetramethylurea Solvent, rheology additive 1 % (0.1 %) 
3-Jodo-2-Propynyl-N-
Butylcarbamate Biocide/fungicide 1 % (0.1 %) 

Di-tert-dodecylpolysulfid Lubrication enhancer 5 % (0.5 %) 
 

2.8.1 Degradation of MWF Compounds by Planktonic Bacteria 
A number of compounds found in different MWFs were tested for microbial degradation. 
Therefore ten different strains, isolated in afore mentioned experiments (see Table 2–4), 
were used for degradation experiment. The cells were grown in TSB overnight, washed 
thrice with sterile tap water and then re-suspended in 10 ml of sterile tap water. A co-culture 
was made by mixing 1 ml of every single overnight culture, washed and then resuspended in 
10 ml of sterile water. Of each given MWF compound solution mentioned in Table 2-5, 150 µl 
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were transferred into a 96-well microplate and inoculated with 15 µl of a bacterial solution. All 
five strains were tested both in monoculture and in co-culture, plus an additional ten species 
co-culture. Growth curves were measured and recorded with a microplate reader detecting 
the optical density at a wavelength of 620 nm against the given solution without bacteria. The 
optical density was measured every 5 h for 100 h. Every single experiment was performed in 
triplicate, with the results being expressed as mean values.  
 

2.8.2 Biofilm Assay for Testing the Biostability of MWF Compounds 
In order to test the biostability or effectiveness of a given MWF compound with a system re-
sembling the reality with most precision a biofilm assay was developed. The detection of the 
biofilm development was carried out with the premixed resazurin solution from Promega, 
which shows high repeatability in detection of single species biofilms (Peeters et al., 2008). 
The detection is based on the reduction of resazurin to resofurin as a consequence of micro-
bial metabolism. This is detected by a decrease in absorption by spectrophotometric detec-
tion at 595 nm.  
The bacteria mentioned in Table 2-4 were grown in single culture in TSB. The assay prepa-
ration included mixing a culture with equal concentration of the single cultures, pipetting 
100 µl of each cell suspension into a 96 well microplate and incubating at 28 °C for biofilm 
formation. After 24 h TSB and planktonic cells therein were exchanged for fresh TSB and the 
plate was incubated another 24 h. The next step involves thrice washing with sterile tap wa-
ter so as to remove all nutrient solution. Then 100 µl solution of the particular MWF com-
pound, according to Table 2-5, was added along with 20 µl of the premixed resazurin solu-
tion. The conversion of resazurin to resofurin was detected at 595 nm. The duration of the 
experiment was 100 h with measurements every 5 h. Every single experiment was per-
formed in triplicate, with the results being expressed as mean values. 
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3 Results 
3.1 Characterization of Different Metal Working Fluids 
3.1.1 Examination of the Microbial Contamination of Five MWFs 
In order to investigate the microbial status of five different machines, the first task 
was to examine the microbial contamination of the corresponding MWFs in use and 
to identify the isolated microorganisms. This was achieved by analyzing five in use 
MWFs. A large variety of microorganisms was isolated from these different MWFs. A 
list with all isolated and identified microorganisms can be found in Table 10-3 in the 
appendix. A number of environmental bacteria were isolated, such as Bacillus spp. or 
Micrococcus luteus, but also highly adapted bacteria were isolated such as Bacillus 
benzoevorans and Methylobacterium sp., the latter being a representative of faculta-
tive methylotrophic bacteria. Four different pseudomonads were isolated along with 
two Staphylococcus spp.. Furthermore a species of Mycobacterium was isolated.  
 

3.1.2 Physico-Chemical Characterization and Monitoring of the MWF in the Grind-

ing Machine SS-M1 

After receiving a broad picture of possible microorganisms in MWFs, the MWF of the 
grinding machine SS-M1 was examined more in detail. This was carried out, so as to 
complete the picture of microbial contamination in MWFs by analyzing both physico-
chemical and microbial parameters and thereby find possible relations in these given 
results. After a cleaning event, the freshly refilled MWF in use in machine SS-M1 was 
monitored intensively over a period of 28 weeks. This particular lubricant is a well-
kept lubricant with hardly any contamination. As shown in Figure 3-  part A the pH 
value is constant over the complete period of monitoring time. Starting at week 12, 
103 CFU/ml were isolated three weeks in a row. After the third analysis, lubricant was 
refilled, thereby also biocide was refilled. In the following week no microorganisms 
were detectable. After week 14 the nitrate/nitrite concentration increased from unde-
tectable to one mg/l. The sulfate concentration is fluctuating during the experiment. 
Overall it can be said that there are no detectable microorganisms in this lubricant 
itself. 

1



Results 

42 
 

 

 
MWF Characterization: 
 pH measurement, 
 plating on nutrient 

agar,  
 Nitrite/ Nitrate/ 

Sulfate measure-
ment 

Parameters: 
 Sample volume: 

1 ml  
 Sample area: 

4 cm² 
 Plating volume: 

100 µl 
 

 

Figure 3-1

 

:  Measurement of pH of MWF and cell numbers per ml (Part A), nitrate/nitrite and sulfate 
concentration in the MWF (Part B) over time in a cooling lubricant tank after a cleaning 
procedure. Chemical tests were carried out once, therefore no standard deviation can be 
stated, standard deviation for cell counts is not stated for the sake of clarity. 

3.2 Sources of Contamination 
One aim of this work is to examine the system machine – MWF – environment. As 
already described, paragraph 3.1 gives the results of the examination of the liquid 
MWF; the next step was to investigate the possible impact from environmental influ-
ences, by analyzing the microbiota in environment in contact with the MWF.  
 

3.2.1 Airborne Microorganisms 

The first results of the monitoring of the environment give information on the isolated 
airborne microorganisms. The average colony numbers on the plates are depicted in 
Figure 3-2. On average 5-7 colonies were found on the exposed plates, with no sig-

1,E+0 

1,E+1 

1,E+2 

1,E+3 

1,E+4 

0 

3 

6 

9 

12 

0 7 14 21 28 

ce
ll 

co
un

ts
 

 [C
FU

/m
l M

W
F]

 

pH
 v

al
ue

 

Time  

pH 
CFU/ml 

104 

CFU/ml 

102 

weeks 

101 

100 

A 

0 

350 

700 

1050 

1400 

0 

0,3 

0,6 

0,9 

1,2 

0 7 14 21 28 

Su
lfa

te
 [m

g/
l] 

N
itr

ite
/N

itr
at

e 
[m

g/
l] 

Time 

Nitrite/Nitrate 

Sulfate 

weeks 

mg/l mg/l 

B 



Results 

43 
 

nificant difference between the two facilities. The smaller facility shows a trend to-
wards a higher microbial load than the large facility. 

 

Figure 3-2

The majority of airborne microorganisms isolated in the small work hall were Gram 
positive bacteria belonging to the genera of Staphylococcus sp., Micrococcus sp. and 
Bacillus sp.. Also three molds were isolated. Some other typical airborne microorgan-
isms were isolated like Arthrobacter sp., Massilia sp., Curtobacterium sp.. The 
microbiota isolated from the air around the machine SS-M2 showed a similar compo-
sition (see 

:  Average number of colonies of airborne microbiota around the machines under investi-
gation, collected by sedimentation onto nutrient plates for one hour. 

Table 10-4 in the appendix) with eight of ten isolated microorganisms be-
ing Gram positive, one Gram negative and one mold. The isolates represent typical 
environmental microorganisms, most of them are usually found in air, but a small 
number like Bacillus sp. and Streptomyces sp. are normally isolated from soil (Hal-
verson et al., 2000). 
The overall composition of the airborne bacterial microbiota from the large work hall 
was similar to the small work hall, the complete list can be found in Table 10-5 in the 
appendix. The majority of the isolated bacteria were Gram positive microorganisms 
of the genera Staphylococcus sp., Micrococcus sp. and Bacillus sp.. Some other typ-
ical airborne microorganisms were isolated like Arthrobacter sp., Curtobacterium sp.. 
Other bacteria like Acinetobacter sp. (Yamamoto et al., 1999); Psychrobacter sp. 
(Bozal et al., 2003), Paenibacillus sp. (McSpadden Gardener et al., 2004) and 
Paracoccus sp. are usually found in soil.  
 

3.2.2 Microbiota in MWF concentrates 

A further possibility for contamination is an already existing contamination in the 
MWF concentrate, which is diluted with water. In order to examine this possibility, two 
concentrates were used for microbial examination: Ecocool 2506-S (Fuchs Europe 
Schmierstoffe GmbH, Mannheim, Germany) which is used in the small working hall 
and Shell Adrana A 401, which is used in the large work hall. No microbial growth 
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could be shown on different nutrient media, indicating uncontaminated MWF concen-
trates. 
 

3.2.3 Microbiota in the preparation water 

The preparation water used in the small working hall is tap water; the tank is filled 
with a water hose. The analysis of the preparation water showed that an average cell 
count of 10³ CFU/ml. Three species were isolated Sphingomonas sp., Staphylococ-
cus warneri and Brevibacterium frigoritolerans (see Table 10-6 in the appendix). The 
mixing water in the large work hall contained four species, namely Burkholderia sp., 
Pseudomonas fluorescens, Ralstonia pickettii and Sphingomonas sp.. It has to be 
stated that in accordance with the German Trinkwasserverordnung, no coliform bac-
teria could be isolated.  
 

3.2.4 Microbiota on Unprocessed and Processed Metals 
In order to gain insight into microorganisms appearing naturally on metal, which will 
be processed, a microbial analysis of the metal microbiota was carried out with con-
tact plates. The analyzed metalwork pieces consisted of unprocessed aluminum-alloy 
(AlCuMgPb), stainless steel 1.4571, copper and brass. To complete the picture the 
stainless steel work piece was analyzed after processing. Table 10-7 in the appendix 
lists the isolated and identified microorganisms from the contact plates. The isolates 
from the contact plates taken from the aluminum alloy and the unprocessed stainless 
steel belonged mainly to the genus Bacillus. Furthermore Micrococcus luteus was 
isolated, a species of Streptomyces and a Brevibacterium frigoritolerans species. On 
the contact plates from brass, no growth could be detected, on the copper contact 
plates a single mold grew, which was not identified further. After processing no mi-
crobial growth could be detected by contact plating from the stainless steel. This can 
be explained by the thin film of MWF, which covered the work-piece after processing. 
During processing the work-piece is rinsed with MWF, so the microorganisms have 
been rinsed of the workpiece. Furthermore the MWF still contains a certain quantity 
of biocide which might be active on the surface of the stainless steel work-piece.  

3.3 Biofilm Experiments 
The most important step in characterizing the system machine – MWF – environment 
is the investigation of in situ biofilms in the machine, in particular the MWF tank. 
Therefore the biofilm development of a biofilm was monitored over the period of 28 
weeks. 
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3.3.1 In situ Biofilm Development 

First Biofilm test and Material Selection  
After four weeks the first set of coupons, consisting of polyurethane (PU), Polyeth-
ylene (PE) and parafilm, each with a size of 1x4 cm, was removed from the MWF 
tank of the grinding machine SS-M1 and the coupons were used for further analysis. 
In addition to the foil coupons, the slimy substance and metal chips, which accumu-
lated on top of the mount, were also sampled. The MWF already separated into two 
phases: a greenish, slimy, organic phase and a whitish aqueous phase as can be 
seen in Figure 3-3. The parafilm strips were partly dissolved in the MWF; the other 
plastics were covered with the slimy phase of the MWF. In addition to the analysis of 
the microbial composition of the biofilm, the different plastic materials were tested for 
their usability for biofilm growth in MWF. 

 

Figure 3-3

 

:  Removal of coupons with biofilms from the MWF tank of the machine SS-M1 after four 
weeks incubation 

After removal from the tank, the coupons were handled differently, so as to receive 
the maximum amount of cultivable microorganisms, see section Material and Meth-
ods 2.7.1. The direct culturing of the plastics coupons on nutrient agar showed only 
minor growth. These bacteria have most probably been superficially attached to the 
biofilm and could therefore grow after short contact with the surface of the medium. 
After vigorous vortexing of the coupon and subsequent plating of the solution, the 
colony counts increased up to 68 CFUs/coupon indicating an efficient disintegration 
of the biofilm. The third treatment included an enrichment step with growth in nutrient 

2 cm 
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solution and subsequent plating. The plated enrichment cultures were completely 
covered by microorganisms; these microorganisms are the fastest growing and best 
adapted microorganisms towards the used nutrient medium, not necessarily the 
MWF. Only colonies with different morphological appearance were chosen for further 
analysis and identification.  
From the direct culture on TSA eight colonies were isolated, Gram stained and ana-
lyzed by microscopy. There was no detectable growth on YPG. In general only little 
growth could be detected, the eight colonies were sampled from two strips and the 
metal chips. In all samples a coccoid rod was found, in addition to three other germs 
found in the biofilm on the thick PU foil and a Gram negative rod on the isolated met-
al chips. Hence the largest diversity was found on the thick PU foil strips.  
A total of 23 microorganisms were isolated from the vortexed samples, singled out 
and plated for further identification. Of these, eleven microorganisms were identified 
to belong to the species Ralstonia sp.. Ralstonia insidiosa and R. pickettii were iso-
lated from all plastic strips. Also Staphylococcus sp., three filamentous fungi and one 
yeast species could be isolated. Up to date it cannot be said, whether the fungi are 
actively metabolizing in the lubricant or present in their spore form without metabo-
lism. Furthermore a Bacillus sp. could be isolated from the thick PU foil. Set aside the 
fungi, the largest diversity was found on the parafilm coupons and the thick PU foil 
coupons.  
The enrichment cultures showed a different spectrum of microorganisms, with Staph-
ylococcus being the predominant bacterium in all samples. This does not necessarily 
imply that Staphylococcus sp. is the most prevalent one in the biofilm in numbers, but 
shows that it is the one best adapted to the change of environment from living in a 
biofilm in cooling lubricants to living in planktonic form in nutrient media. Ralstonia sp. 
could not be isolated from the enrichment cultures. Bacillus sp. and Acinetobacter sp. 
could be isolated from thick PU foil and parafilm, respectively. In addition one yeast 
species could be isolated, namely Candida famata, from both the TSA and the YPG 
cultures of thin PU foil.  
 



Results 

47 
 

  

Figure 3-4

 

:  Two epifluorescence micrographs of biofilms grown in MWF on PU foil, A is dyed with 
DAPI, B is dyed with nile red 

A summary of the isolates from the different plastic foils is shown in Table 10-9 in the 
appendix. In addition Figure 3-4 depicts the mixed cultures grown in the biofilm 
stained with DAPI and nile red, in part A a micro-colony of cocci in a biofilm on a 
metal chip is visible, surrounded by loosely distributed rods. In part B two mixed spe-
cies micro-colonies are stained, containing tetrads of cocci, rods and single cocci. All 
in all four bacteria species, one yeast and three molds, two belonging to the genus 
Aspergillus sp., were isolated: 

• Bacillus sp. 
• Staphylococcus sp. 
• Ralstonia sp. 
• Candida famata 

• Aspergillus sp. 
As already mentioned this experiment also aimed at finding the most suitable materi-
al for biofilm growth in MWF. The number of isolates depending on the different plas-
tic used is comparable; the largest number was isolated from thin PU foil, followed by 
thick PU foil and PE foil. As the thick PU foil can also be used as substratum for sub-
sequent biofilm FISH, it will be used for further experiment solely.  
 

Long Term Tracking of the Evolution of a Biofilm 
After selecting the most suitable plastic material, the next set of experiments aimed 
at investigating the development of a biofilm in a MWF tank. Therefore the bacterial 
composition of the biofilm in machine SS-M1 was investigated over a period of six 
months. Every month 5 foils were removed of the tank and analyzed microbiologically 
for biofilm development. The isolated and identified microorganisms are listed in 
Table 10-8 in the appendix. The biodiversity increased from the first to the second 

A B 
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and third biofilm sampling. The first sampled biofilm contained two Staphylococcus 
species, two Ralstonia species, a Bacillus sp. and a Candida species in addition to 
Aspergillus sp.. The second sampled biofilm contained Arthrobacter 
chlorophenolicus, four different Bacillus species, two Staphylococcus species, a 
Microbacterium sp. and a fungus, namely Aureobasidium pullullans. The Ralstonia 
species that were isolated in the first set of biofilm coupons were not isolated in the 
second set. In the biofilm sampled with the third set of coupons the diversity in-
creased further. Five different Bacillus species and three Staphylococcus species 
were isolated, along with Micrococcus luteus, Moraxella sp. and a Methylobacterium 
sp.. Also Mycobacterium immunogenum was isolated. The fourth set of coupons con-
tained only two species: Micrococcus luteus and Pseudomonas sp.. The fifth set of 
biofilm coupons contained a larger biodiversity, with seven isolated species. An 
Arthrobacter species, two Bacillus spp., Methylobacterium chloromethanicum and 
Micrococcus luteus in addition to Staphylococcus sp. were isolated. A new species 
found in this biofilm was Paracoccus yeei. The sixth set of coupons contained four 
different species, which were all already isolated before: Bacillus sp., Micrococcus 
sp., Mycobacterium sp. and Staphylococcus sp. Overall 26 different species, with 
16 species being Gram positive, belonging to eleven families were isolated.  
 

Biofilm composition in different parts of the machine 
As one of the major contamination routes an already existing biofilm was analyzed, 
during cleaning and refilling of the MWF system of machine SS-M1. The tank was 
emptied and swabs from various points within the MWF tank system were taken. The 
identified isolates are listed in Table 10-10 in the appendix. The predominant genus 
belonged to Bacillus sp.; which is a highly divers genus containing aerobic and facul-
tative anaerobic strains (Goldmann and Green, 2015), especially on the bottom of the 
tank, which can be seen as an anaerobic environment, five different species of the 
genus Bacillus were isolated. In general Bacillus species were found everywhere on 
the machine, for instance a Bacillus sp. was isolated from the nozzle, B. cereus and 
B. megaterium on the wet surface of the tank and B. pumilus on the inside of the 
tank. Also Mycobacterium sp. could be isolated from the inside of the tank. Interest-
ingly no Bacillus sp. was isolated from the pump. This is the area with the highest 
turbulence, along with the nozzle. Here a very strong biofilm builder, Pseudomonas 
sp., was isolated. The other bacteria found in the pump belonged to the genera 
Staphylococcus and Micrococcus; these two genera were also isolated from the noz-
zle, which also shows more turbulent flow than the bulk volume. 
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Development of a Biofilm and a Planctonic Contamination after a Cleaning Pro-
cedure  
After the cleaning process the MWF system was refilled and operated. In order to 
examine the development of a biofilm after a cleaning process, and simultaneously 
the development of a detectable contamination in the MWF, a second set of biofilm 
experiments were carried out, with shorter sampling intervals. In addition, the MWF 
was also sampled on every biofilm sampling date to correlate the biofilm develop-
ment with the MWF contamination. After five days the bacterial load of the MWF in-
creased from no detectable contamination in the freshly prepared MWF and on the 
first days to 105 CFU/ml on the 7th day, as can be seen in Figure 3-5. With a retarda-
tion of three days the amount of bacteria in the biofilm detected by directly culturing 
the PU coupon was increasing and reached the largest value on day 14 with ca. 
103 CFU/coupon. Afterwards the cell counts fluctuated around 102 CFU/PU coupon. 
In the MWF sample of the 4th day five different species (Bacillus sp., 
Methylobacterium sp., Micrococcus sp., Pseudomonas sp., and Staphylococcus sp.) 
were detectable. All of these species were isolated from biofilms in the first set of ex-
periments, therefore the biofilm can be a source for these bacteria. All isolates be-
sides the Methylobacterium sp. and a particular Pseudomonas species were also 
detected during the cleaning process, furthermore pointing towards the biofiom as 
source for the contamintation. When looking at the quantity of these bacteria in the 
sample, it can besaid that the majority of bacteria at the 4th sampling day belonged to 
Methylobacterium sp. with around 95 %, for instance the agar plate of the 1:10 dilut-
ed sample contained 91 bright red colonies of Methylobacterium sp. and four differ-
ent colonies belonging to the other isolated species. Interestingly this species was 
not detected in the corresponding biofilms of the second experiment. The highest 
bacterial load in the MWF was detected on the 7th day after cleaning with cell counts 
of 105 CFU/ml, at this day only one species could be detected, namely Acinetobacter 
lwoffii. After this short pulse-like increase of bacterial load, it decreased again to no 
detectable bacterial contamination, which can be explained by the efficiency of the 
biocide in the MWF for up to the 25th sampling date, on which the cell counts in-
creased again steadily reaching a cell number of 2 x 102 CFU/ml on day 35. The iso-
lated bacteria belonged to different species: Bacillus sp., Mycobacterium sp. and 
Staphylococcus sp.. It has to be stated that especially Mycobacteria are no easily 
cultivable, so the possibility exists that mycobacteria were always present in the 
MWF during the experiment but did not grow on the media.  
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MWF Characterization: 
 pH measurement 
 plating on nutrient 

agar 
Parameters: 
 Sample volume: 

1 ml  
 Sample area: 

4 cm2 
 Plating volume: 

100 µl 
 

Figure 3-5

 

:  Bacterial load (in CFU/ml) of a MWF and bacterial load in the corresponding biofilm after 
a cleaning process in correlation to the pH of the MWF. Chemical tests were carried out 
once, therefore no standard deviation can be stated, standard deviation for cell counts is 
not stated for the sake of clarity. 

Albeit no detectable bacteria in the MWF, the starting point of a biofilm development 
could be detected within two days after the cleaning procedure. At the beginning of 
the 35 day experiment the number of isolated bacteria per biofilm coupon was 
around five species, towards the end of the experiment the number of species 
showed a tendency to decrease, as can be seen in Table 10-11 in the appendix. The 
predominant family is Bacillaceae with six different Bacillus sp., an Oceanobacillus 
sp., a Virgibacillus sp. and Lysinibacillus boronitolerans. Furthermore three different 
Staphylococcus sp. and two different Micrococcus sp. were isolated, along with My-
cobacterium sp., Rothia amarae, Psychrobacter faecalis, Pseudomonas 
xanthomarina and Brevundimonas vesicularis. Overall 21 different species were iso-
lated from the biofilm, with 17 isolates being Gram positive. The isolates belonged to 
eight different families. One important observation made in the first set of experi-
ments, namely that there is not necessarily a correlation between microbial contami-
nation in form of a biofilm and the decrease of the pH-value of the MWF, can be ex-
tended to the fact that no detectable microbial contamination does not imply no con-
tamination in the system, as a biofilm can develop without any detectable microor-
ganisms in the bulk of the liquid.  
The development of the biofilm was also controlled by fluorescence microscopy. 
Therefore the biofilm samples were stained with nile red und subsequently 
microscoped, exemplary micrographs depicting the biofilm development and biofilm 
structures are listed in Figure 3- . 6
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Biofilm development - sample day 2: period of 
reversible adhesion: some cells are already culti-
vable, but can still be rinsed off during the staining 
process, therefore more cells were detected by 
cultivation than by microscopy 

Sample day 4: small cell structures with 2-4 cells 
start to develop, speaking for the beginning of the 
irreversible adhesion step in biofilm development 

 
Sample day 7: the density of the cell structure start 
to increase, but the cells are present still only in 
small associations 

 
Sample day 14: the density increased further, the 
biofilm comes into the growth phase, here associ-
ated rods of different size can be seen 
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Sample day 17: detection of two species in the 
biofilm, a loosely distributed thin long rod and the 
start point of a microcolony of cocci in co-culture 
with the mentioned rod, this corresponds with the 
results from microbiology, in that rods 
(Oceanbacillus sp.) and cocci (Micrococcus luteus) 
were isolated from this sample. 

 
Sample day 28: a large colony of very small cocci, 
at this sampling date only Bacillus sp., Staphylo-
coccus sp. were isolated from the biofilm, however 
in the MWF Mycobacterium sp. was detected, 
which are very small cocci, this might be a biofilm 
colony of mycobacteria. 

 
Sample day 32 A: Formation of microcolonies of 
cocci, with clearly visible EPS surrounding the 
microcolony 

 
Sample day 32 B: depending on the microorgan-
ism the biofilm structure differs, compared to mi-
crograph 32 A, the here depicted cocci form a 
loosely associated biofilm; the EPS can still be 
seen, connecting the cell structures. 
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Sample day 35: the biofilm is growing into a three dimensional structure, on the left side a biofilm con-
sisting of cocci, with a clearly visible boundary to the surrounding medium. On the right side a tree-like 
structure with bacterial branches reaching into the medium is depicted. It consists of coccoid rods. 

Figure 3-6

Comparing the results of microbiological analysis with the fluorescence micrographs 
reveals that in the first seven days the cells are attaching to the surface, as they can 
be detected by microbiological culturing, but the adhesion is still reversible, as only 
single cells can be detected by fluorescence. The sample preparation for staining 
contains a rinsing step, in which the non-adhesive cells were washed off; thereby a 
smaller number of cells are detected by microscopy. After seven days the cell at-
tachment becomes irreversible, the results of microbiology are still similar to the first 
week but the micrographs show a density increase with more cells attached, but still 
in a loosely association, at this point they were not rinsed off in the same amount as 
in the first week. The cell attachment is supported by the EPS secretion of the cells. 
This was detected by AFM; an exemplary micrograph of the built up EPS is depicted 
in 

:  Epifluorescence micrographs of the biofilm development in the MWF system of machine 
SS-M1 over a period 35 days, the cells were stained with nile red. 

Figure 3-7. After day 17 micro-colonies were detected, along with a further in-
crease of the cell density, especially on day 28 with a biofilm that is considered to 
consist of Mycobacterium sp.. With day 32 the biofilm started to grow into three di-
mensional structures which were detected on day 35.  
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Figure 3-7

 

:  AFM micrographs of a microcolony of cocci, the EPS (colored orange to red ) attaching 
the cells (cocci in bright yellow) to the substratum is clearly visible on the boundary areas 
of the microcolony. 

3.3.2 Routes of Contamination 
Comparing the results of characterizing the different parts of the system MWF – ma-
chine – environment gives an insight into most likely routes of contaminations. In or-
der to compare the compositions of microbiota isolated from the different parts, the 
taxonomic family will be used due to clearness. The qualitative distribution of the tax-
onomic families of the isolated microorganisms from the different parts of the sur-
rounding environments of machine SS-M1 is depicted on the following page in Figure 
3-8. In this scheme only the taxonomic families are listed. The majority of contaminat-
ing bacteria in the MWF (~ 69 %) and the biofilm (~ 65 %) belong to families of 
Bacillaceae, Micrococcaceae, Pseudomonaceae and Staphylococcaceae. Main 
source for Bacillaceae, besides the surrounding air and the preparation water, are 
most probably the metal working pieces; this is also valid for Microbacteriaceae and 
Staphylococcaceae. During processing they are wetted/rinsed with MWF, and as the 
results in 3.2.4 show, after processing no microorganisms can be isolated from the 
wetted metal work-piece. This leads to the conclusion, that the microorganisms are 
rinsed off the work-piece into the MWF during processing. Furthermore almost every 
identified isolate from the analysis of the microbiota on different metals were also iso-
lated from either MWF or biofilm. The only exception is represented by 
Brevibacteriaceae, which were isolated from the unprocessed metal. 
Paenibacillaceae were isolated from the metals and the MWF. The isolated Strepto-
myces species originate either from the metal work pieces or the surrounding air, 
without a detectable contamination in the liquid MWF but in the biofilm. 
Moraxellaceae were isolated from the MWF and the biofilm and the air, speaking for 
a contamination route starting in the air, dropping into the MWF and ending in the 
biofilm in the system. Also Microbacteriaceae and filamentous fungi were isolated 
from both the air and the biofilm. One genus isolated from the preparation water was 
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not found in the MWF or the biofilm, namely Sphingomonadaceae, which is unex-
pected as this genus is used in the bioremediation of oil and fuel contaminated soils 
and should therefore, be able to grow in MWF solutions (Balkwill et al., 2006). The 
same holds true for Oxalobacteriaceae, isolated from the airborne microbiota, and 
Brevibacteriaceae, isolated from the surface of the unprocessed metal work pieces, 
which were both found neither in MWF nor within the biofilm. For a number of taxo-
nomic families, the origin cannot be stated. Caulobacteriaceae and 
Methylobacteriaceae were both isolated from MWF and the biofilm, suggesting that 
the source for the planktonic contamination is the biofilm. A possible contamination 
route cannot be given for these genera. The same holds true for two other bacterial 
families Rhodabacteriaceae and Ralstoniaceae, which were isolated from the biofilm 
but not from the corresponding MWF. But as both air-borne microbiota and the mi-
crobiology in the water system vary with the season, the sources of these bacteria 
can be the air or the preparation water. This is particularly likely in case of Ralstonia 
pickettii, which was isolated from water systems before (Ryan et al., 2007).   
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Isolates from metals 

Preparation water isolates 

MWF isolates 

Biofilm isolates 

Airborne microbiota 

  

Figure 3-8: Summary and overview over possible contamination routes in MWFs 
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3.4 Diversity in the Biofilm Microbiota and the Planktonic Microbiota in 
Five Machines 

Comparison of Planktonic and Biofilm Associated Microorganism 
The biofilm grown on glass and the microbial burden of five different machines were 
detected in situ and analyzed subsequently. The machines were positioned in two 
industrial sites and showed different MWF tank volumes. As listed in Table 3-1, the 
biofilm densities of three machines (SS-M2, PS-M2 and PS-M3) were in a compara-
ble range with values of 6.2±1.1 mg/cm²; 5.9±0.9 mg/cm² and 6.0±1.4 mg/cm², re-
spectively. The biofilm density of the samples from the small site machine SS-M1 
showed the highest value with 17.2±2.7 mg/cm² and a lowest biofilm density was ob-
tained from the large site machine PS-M1 (3.1±0.9 mg/cm²). The water content 
showed no significant differences, only tendencies, which point mostly in the same 
direction as the biofilm densities. The largest water content value was obtained from 
the SS-M1 biofilm, followed by the water content of the PS-M1 biofilm, which had the 
lowest density. The water content of the biofilm from machines SS-M2 and PS-M3 
were in the same range, taken the standard deviation in account, the PS-M2 biofilm 
showed the lowest value. A difference can be seen by the biodiversity: the largest 
amount of different species was isolated from SS-M1 with 39 different species, from 
these seven belonged to risk group (RG) 2, one to RG 1+ and 31 to risk group 1 ac-
cording to the “German national classification list TRBA 466” (TRBA 466, 

Bundesanstalt für Arbeitsschutz und Arbeitsmedizin) and the WHO. The classification 
is described in the following:  

• Risk group 1 contains microorganisms that are unlikely to cause human dis-
ease or animal disease;  

• Risk group 1+: in individual cases identified as or suspected of being patho-
gens, mainly in people with considerably reduced immunity - identification of 
the type is often not reliable;  

• Risk group 2 contains biological agents that can cause human disease and 
might be a hazard to workers.  

The second highest amount of different species was found in the other machine in 
the small work site, with 20 isolated and identified species. Here eight species be-
longed to the risk group 2, one to RG1+ and eleven to RG 1, this makes 40 % be-
longing to risk group 2. In all three machines from the large scale site similar amounts 
of different species were isolated from the biofilms; that is seven, five and eight spe-
cies isolated from PS-M1, PS-M2 and PS-M3 respectively. On this site the biofilm of 
two machines contained one RG2 bacterial species, two contained one RG1+ spe-
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cies and two, four and six RG1 species, respectively. Two biofilms from machines in 
the large work hall contained unclassified species. The structures of the biofilm were 
comparable as can be seen in Figure 3-9 and Figure 3-10, merely the biofilm from 
machine PS-M2 differed in its three dimensional structure. The biofilms of machine 
SS-M1, SS-M2, PS-M1 and PS-M3 consisted of micro-colonies distributed unevenly, 
whereas the biofilm in machine PS-M2 is three dimensionally structured with water 
channels and pores.  
Compared to the biofilm biodiversity, a similar picture was found within the biodiversi-
ty of planktonic bacteria. The MWF of machine SS-M1 contained thirteen species, 
with four belonging to RG2, one the RG1+ and eight species classified as RG1. From 
the MWF of machine SS-M2 and PS-M1 six species were isolated, in both cases one 
species belonged to RG2, one to RG1+ and three and four were classified as RG1, 
accordingly. The planktonic bacteria isolated from the MWF of PS-M2 belonged to 
nine species, which can be differentiated into two RG1+ species, six RG1 species 
and one unclassified species. In the MWF of the machine PS-M3 ten species were 
found, being classified into one RG2 species, one RG1+ species, seven RG1 and 
one unclassified species. The exact listing of the species found in the biofilm and in 
form of planktonic contamination in the MWF can be found in Table 10-13 and Table 
10-14 in the appendix. 

Table 3-1

Machine 

:  Properties of biofilms from five different machines; the characterization includes the 
biofilm density and the water content, the biodiversity of the biofilm associated bacteria 
along with the corresponding risk group classification stating the risk group and the 
number of isolated bacteria in brackets. The microbial burden of the MWF in question is 
given and the biodiversity of it with the risk group classification of the isolates.  

SS-M1 SS-M2 PS-M1 PS-M2 PS-M3 
Biofilm 
densityarea 
(mg/cm²) 

17.2±2.7 6.2±1.1 3.1±0.9 5.9±0.9 6.0±1.4 

Water con-
tent (%) 95.2±0.7 92.0±5.3 93.3±1.1 83.4±9.3 87.7±4.8 

Biodiversity 
in the biofilm 39 species 20 species 5 species 7 species 8 species 

Risk group 
classification 

1(31)/1+(1)/
2(7) 

1(11)/1+(1)/
2(8) 1(4)/1+(1) 1(2)/1+(1)/ 

2(1)/n.d.(2) 
1(6)/2(1)/ 
n.d.(1) 

3D structure Micro-
colonies 

Micro-
colonies 

Micro-
colonies 

Complex 
architecture  

Micro-
colonies 

MWF micro-
bial burden 
(CFU/ml) 

105 105 107 108 108 

Biodiversity 
in MWF 13 species 6 species 6 species 9 species 10 species 

Risk group 
classification 

1(8)/1+(1)/ 
2(4) 

1(3)/1+(1)/ 
3(1) 

1(4)/1+(1)/ 
2(1) 

1(6)/1+(2)/ 
n.d. (1) 

1(7)/1+(1)/ 
2(1)/n.d. (1) 
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Furthermore the biofilm associated bacteria were detected and visualized in situ by 
Fluorescence in situ hybridization (FISH). Therewith it was possible to visualize the 
DNA of the bacteria in the biofilm in a machine. Figure 3-9 shows exemplary section-
al views of micro-colonies of the biofilm of machines SS-M1, SS-M2, PS-M1 and PS-
M3. These micro-colonies share a mushroom-like architecture with vertical expan-
sions around 5-10 µm. Figure 3-10 depicts an exemplary biofilm from machine PS-
M2 with a vertical expansion of 4 µm resolved in six micrographs. It can be seen that 
the structure is complex with water channels on the right side of the micrographs go-
ing through the biofilm and one large pore on the left side of the biofilm and that the 
bacteria are packed with a high density, which corresponds with the measured aver-
age water content of the biofilm of 83.4 %. The water content is lower compared to 
the water contents of the other machines, which show water content values higher 
than 87% (see Table 3-1)

 

 and to literature (Sutherland, 2001a). Also the structure is 
different compared to the biofilms in the other monitored machines, where the biofilm 
consisted of micro-colonies with the typical mushroom shape.  

  

  

Figure 3-9:  Sectional epifluorescence microgaphs of exemplary, biofilm micro-colonies from ma-
chines SS-M1, SS-M2, PS-M1, PS-M3 detected by FISH. In particular the biofilm of SS-
M1 shows a typical mushroom-shape. As FISH probe EUB338 (Amann 1995) with the 
following sequence: 5’-Cy3-GCTGCCTCCCGTAGGAGT-3’ was used. 

PS-M1 

SS-M1 SS-M2 

PS-M3 
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Figure 3-10:  Epifluorescence micrographs of a biofilm structure, consisting of a rod shaped bacterium, 
with a vertical expansion of 4 µm, detected in machine PS-M2 by FISH. The biofilm is 
split up in three sectional views of different sequential heights from the substratum, with 
A being closest to the substratum, then 1.2 µm steps were made (Z-stakes). As FISH 
probe EUB338 (Amann 1995) with the following sequence:                                              
5’-Cy3-GCTGCCTCCCGTAGGAGT-3’ was used. 

A 

C 

B 
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3.5 In vitro Biofilm Development  
3.5.1 Evaluation of the in vitro Biofilm Development on Different Metal Substrata 
In order to evaluate the in vitro biofilm system, a number of parameters were com-
pared, namely the average biofilm mass over the surface, the water content, the via-
bility of the biofilm associated microorganisms in relation to different substrata and 
the three dimensional structure. Table 3-4 states the values and results obtained for 
the in vitro system evaluation. The biofilm densities of all tested systems are in com-
parable dimensions. The viability on the different substrata differed depending on the 
substratum; the corresponding pictures can be found on the following page in Figure 
3-11 and Figure 3-12. In terms of three dimensional structure and architecture, the 
biofilm formed in the real MWF system and in the in vitro system showed comparable 
structures and heights, with height expansion of up to 10 µm and 13 µm, respective-
ly. In both systems the biofilm consisted mostly of mushroom-like micro-colonies with 
unstructured distribution, only small parts showed a more complex structure with wa-
ter channels, namely in machine PS-M2. Compared to the real and the in vitro sys-
tem the biofilm formation with the positive control Ps. pseudoalcaligenes was more 
flat with vertical expansion of up to 7 µm, but was depending on the substratum high-
ly structured with water channels and large conglomerates of bacteria (see Figure 
3-11 and Figure 3-12). The explanation for this variation in structure might be found 
in the growth medium, which was MWF in case of the real MWF system and the in 
vitro system, but TSB in case of Ps. pseudoalcaligenes, thereby giving it optimal 
growth conditions. This makes biofilm development optional for Ps. 
pseudoalcaligenes, for this reason a flat biofilm developed.  

Table 3-2

Growth on 
glass 

:  Evaluation of the in vitro biofilm system by comparison with the real system and a known 
biofilm builder (Pseudomonas pseudoalcaligenes), the biofilm formation was carried out 
on glass surfaces, so as to have an inert surface.  

Real MWF system 
Positive control with 
Ps. 
pseudoalcaligenes 

In vitro Biofilm 

Biofilm 
densityarea 
(mg/cm²) 

6.2 ± 1.5 3.6 ± 0.5 4.6 ± 1.2 

Biofilm viability 100% 100% 100 % 

3D expansion 
and structure 

Up to 10 µm; mush-
room like micro-
colonies 

Up to 7 µm, structured, 
distinguishable water 
channels, large con-
glomerates of bacteria 

Up to 13 µm, 
mushroom like 
micro-colonies 

Growth media MWF Tryptic soy broth MWF 

Diversity High/undefined Not applicable Max. 10 species 
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Substra-
tum 

In situ biofilm from MWF system Positive control biofilm with Ps. 
pseudoalcaligenes 

In vitro biofilm system 

Glass 

 
100 % viability 

 
100 % viability 

 
100 % viability 

Stainless 
steel 

 
97 % viability 

 
95 % viability 

 
93 % viability 

Figure 3-11

 Epifluorescence micrographs, the cells were stained with a Live/Dead staining kit. 

: Comparison of the viabilities of biofilms on different substrata in the real system, the positive control and the in vitro system, part A. 
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Substra-
tum 

In situ Biofilm from MWF system Positive control biofilm with Ps. 
pseudoalcaligenes 

In vitro biofilm system 

Aluminum 
alloy 

 
17 % viability 

 
78 % viability 

 
63 % viability 

Copper 

 
97 % viability 

 
89 % viability 

 
96 % viability 

Figure 3-12

 Epifluorescence micrographs, the cells were stained with a Live/Dead staining kit.      

: Comparison of the viabilities of biofilms on different substrata in the real system, the positive control and the in vitro system, part B. 
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3.5.2 Effects of Different Incubation Conditions on the Biofilm Formation  
A further possibility to characterize biofilms is to test the influence of different incuba-
tion conditions in an in vitro system. Thereby information about possible counter-
measures can be received. The influence of different incubation conditions on the 
biofilm growth was measured by a number of parameters, these are: the viability of 
the cells within the biofilm, the biofilm density, the water content and the 3D architec-
ture. As an example for a three dimensional structured biofilm, a biofilm formed on 
the copper coupons is depicted in the following Figure 3-1 . A pore structure of glob-
ular, round shape with water channels to the inside of the pore is shown. The biofilm 
consists to the most part of middle sized rods, the red cells are dyed with a color 
passing through disintegrated membranes, implying dead cells, and the green dye is 
staining living cells. The biofilm shows a viability of 98 %. The structure has a vertical 
extension of 4 µm, with 

3

Figure 3-13 Part A being next to the surface of the cooper 
substratum, parts B, C and D represent the distances 2 µm; 3 µm and 4 µm respec-
tively.  

  

 

 

  

 

 

Figure 3-13

 

:  Exemplary epifluorescence micrographs of a three dimensional biofilm grown on copper 
substratum in MWF, split up in four sectional views of different sequential heights from 
the substratum, with A being closest to the substratum, then 1 µm steps were made (Z-
stakes). The cells were stained with a live/dead staining kit.  

A 
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Biofilm Density 
The incubation conditions had different effects on the biofilms density as can be seen 
in Figure 3-14. Setting the incubation temperature to 22 °C without shaking the MWF 
led to a strong increase in the biofilm formation on glass to a density of 385.8 mgdry 

weight/gwet biofilm after seven days. On the aluminum alloy and copper this condition 
evoked the contrary effect. The biofilm showed a higher density on the first sampling 
day compared to the density after one week to 27.4 mgdry weight/gwet biofilm and 
76.6 mgdry weight/gwet biofilm respectively. The density of the biofilm grown on stainless 
steel did also increase over the experiment period but not with the same rate as on 
glass, with a final value of 118.9 mgdry weight/gwet biofilm.  
The incubation variation 2, which included a temperature increase to 37 °C, showed 
an increasing effect on the biofilm density on glass (195.1 mgdry weight/gwet biofilm), alu-
minum (95.3 mgdry weight/gwet biofilm) and copper (205 mgdry weight/gwet biofilm). On stainless 
steel the biofilm density increased until day 3 and decreased afterwards to a value of 
64.1 mgdry weight/gwet biofilm on day 7.  
The influence of shaking at a temperature of 22 °C was subject of the third incubation 
variation. On glass it led to an increase of the biofilm density over the course of one 
week to a density of 230.8 mgdry weight/gwet biofilm. Similar to this the biofilm density on 
aluminum also increased but to a smaller amount to 107.4 mgdry weight/gwet biofilm. The 
variation also led to an increase of biofilm density on copper until the third day; after-
wards it decreased again to 188 mgdry weight/gwet biofilm. On stainless steel the biofilm 
density decreased from a value of 339 mgdry weight/gwet biofilm on the 1st day to a value of 
38.4 mgdry weight/gwet biofilm in the 7th day.  
The biofilm grown on glass and aluminum under turbulent conditions and 37 °C 
showed a decreasing density over the period of one week reaching densities of 
76.9 mgdry weight/gwet biofilm and 31.6 mgdry weight/gwet biofilm, respectively. The contrary was 
detected on copper and glass, on which the biofilm showed an increasing density 
over seven days with values of 280.1 mgdry weight/gwet biofilm on the copper coupons and 
170 mgdry weight/gwet biofilm on the stainless steel coupons.  
In Figure 3-1  the development of the biofilm densities over the seven days incuba-
tion period can be found. The highest biofilm value was detected in the biofilm on 
copper with parameter variation 3 with a density of 403 mgdry weight/gwet biofilm. The low-
est density after seven days incubation with a value of 27.4 mgdry weight/gwet biofilm was 
found on aluminum with the growth condition of 22 °C plus turbulence. Growth at 
22 °C led to the biofilm with the second highest value grown on glass with a value of 
385.8 mgdry weight/gwet biofilm. On average the biofilm densities were higher when the 

4
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biofilm was grown under turbulent condition, particular at 22 °C. Compared to the 
other densities the biofilm developed on copper with incubation variations 37 °C; 
22 °C plus shaking and 37 °C plus shaking were denser with densities larger than 
188 mgdry weight/gwet biofilm. The biofilms grown on aluminum showed the lowest densi-
ties with all incubation variation compared to the biofilms developed on the other 
metals. Summarizing it can be said the ambient temperature of 22 °C and shaking 
led to the highest biofilm densities on average.  

  

  

Figure 3-14

 

:  Influence of different incubation conditions on the biofilm density (mg dry weight/g wet biofilm) 
over the period of one week 

Biofilm Characteristics after Seven Days Incubation Depending on the Incuba-
tion Conditions 
The microbial burden in the MWF used in the in vitro testing system was determined 
along with the biofilm characterization. Table 3-3 lists the microbial burdens in 
CFU/ml first in correlation to the incubation variation and second in dependence on 
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the metal substratum. No significant difference can be detected between the microbi-
al burdens in the MWF during the variation of incubation conditions, the same holds 
true for the microbial burden in the MWF with the different metal substrata. Averagely 
5 x 107 CFU/ml MWF were detected in the MWF during the in vitro experiment. As 
the inoculant contained 105 cells, this is an increase of more than two orders of mag-
nitude over the course of seven days.  

Table 3-3

Incubation condition  

:  Average microbial burden in the MWF used in the in vitro system after seven days, in 
relation to the different incubation conditions and the metal substratum 

22 °C 37 °C 22 °C, 
shaked  37 °C, shaked 

Microbial burden               
(CFU/ml MWF) 

3.7±1.9 x 
107 

6.6±3.4 x 
107 7±0.6 x 107 3.4±1.8 x 107 

Metal substratum Glass Stainless 
steel Copper Aluminum 

Microbial burden               
(CFU/ml MWF) 7±1.9 x 107 7±1.3 x 107 2.5±1.8 x 

107 6±1.7 x 107 
 

The changes of the incubation properties with the four variations led to no significant 
differences in the water content of the biofilms as can be seen in Figure 3-15 (A). All 
water contents show values higher than 80 %, only the biofilm grown on copper with 
the incubation properties of 22 °C and shaking had a water content below 75 %. This 
is also the parameter variation were a tendency towards different water content be-
tween the biofilm grown on copper and aluminum could be detected, whereas no dif-
ference was detectable for the water contents of glass and stainless steel. The high-
est water contents were found on the aluminum alloy coupons irrespective of the pa-
rameter variations.  
A different picture was found for the average biofilm mass per coupon area, which is 
depicted in Figure 3-15 (B), please note the logarithmic scale. The density in terms of 
mass/area showed that biofilm developed scarcely on the aluminum alloy coupons 
under all four parameter variations. The same can be stated for the biofilm on stain-
less steel. Contrary to this was the biofilm development on the copper coupons with 
biofilm masses higher than 100 mg/cm² for three of four incubation parameters, 
where increase of temperature from 22 °C to 37 °C led to an increase of biofilm 
mass. A further increase to the highest biofilm mass/area of the experiment was de-
tected for the incubation properties of 22 °C and turbulence, here the value of the 
biofilm mass more than doubled from growth at 22 °C to growth at 22 °C plus shak-
ing. This was also found for the addition of turbulence at a temperature of 37 °C, but 
comparing the results of incubation at 22 °C plus turbulence with at 37 °C plus shak-
ing, a slight decrease of biofilm mass was detected.  
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The biofilm density in terms of dry weight/wet biofilm weight is depicted in Figure 
3-15 (C). Here the highest value was found for the growth condition at 22 °C and on 
glass with a value of almost 400 mg/g, also 37 °C and 22 °C with shaking led to high 
density biofilms on glass, with incubation at 22 °C and at 22 °C plus shaking grown 
glass biofilms showing the highest densities of the particular parameter variation. On-
ly the incubation at 37 °C with shaking led to a decreased biofilm density on glass 
compared to the biofilm densities on the other metals. As already observed for the 
biofilm mass/area, the lowest and second lowest biofilm densities were found on 
aluminum with all four incubation variations. The biofilm on copper grew to the most 
dense compared to the other metals at 37 °C ± shaking, with the density of the bio-
film grown at 37 °C with shaking being the highest one for biofilms grown on copper. 
The biofilm grown on stainless steel showed inconsistent density properties with the 
second highest values for growth at 22 °C and 37 °C + shaking, and the lowest den-
sities measured for growth at 37 °C and 22 °C plus shaking. 
In terms of viable cells in the biofilm the incubation conditions of growing at 37 °C 
with shaking showed the highest viability values with more than 85 % viable cells ir-
respective of the metal substratum. During growth at 22 °C, the biofilm on glass and 
aluminum showed viabilities higher than 80 %, while the biofilms on copper and stain-
less steel were viable less than 75 %, with the biofilm on stainless steel only showing 
a viability of 35 % this being the lowest value of the experiment. The temperature in-
crease from 22 °C to 37 °C led to a higher viability in the biofilms on stainless steel. 
The viability on copper showed only a slight increase, whereas the percentage of vi-
able cells in the biofilm grown on glass strongly decreased with increasing tempera-
ture. The biofilm on aluminum also showed an increase of viability with the increase 
of temperature, compared to growth at 22 °C, with almost 100 % viable cells it was a 
highly metabolically active biofilm. The influence of turbulence caused by shaking can 
be seen in the incubation variant 22 °C +shaking, compared to growth at 22 °C all 
biofilm viabilities increased, but the viability of the copper grown biofilm, which almost 
reduced by half compared to incubation at 22 °C. Rising the temperature to 37 °C led 
to a slight decrease in the biofilm on glass compared to incubation variation of 22 °C 
plus shaking, but compared to incubation at 37 °C the influence of turbulence is very 
pronounced. No significant change occurred for the viability of the biofilm grown on 
aluminum. The viability of the biofilm on copper showed a very strong increase with a 
doubling compared to incubation at 22 °C plus turbulence and an increase of about 
15 % compared to incubation variation 37 °C. No significant change could be seen 
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for the biofilm viability on stainless steel, which was constantly higher than 85 % for 
all incubation conditions besides growth at 22 °C.  
The precise values of the biofilm characterization can be found in the appendix in 
Table 10-1 . 6

 
A: Biofilm water content [%] 

 
B: Biofilm densityarea  [mg/cm²] 

 
C: Biofilm density massdry weight/masswet biofilm 
[mg/g] 

 
D: Biofilm viability [%] 

Figure 3-15

 

:  Characterization of the biofilm properties changing with the incubation variation, depicted 
are the water content (A), the average biofilm densityarea or mass per covered area (B), 
the biofilm density (C) and the viabilty (D) of the biofilms depending on the metals and 
the incubation variation. The incubation conditions  were: 1=growth at 22 °C; 2=growth at 
37 °C; 3=growth at 22 °C with shaking; 4=growth at 37 °C with shaking. 
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Influence on the Metal Surface Roughness Sa by Microbially Induced Corrosion 
(MIC) 
(Bio-)Corrosion is a well-known phenomenon in industrial processes. As corrosion 
inhibitors are added to metal working fluids, MIC does not seem to be a problem at 
first glance. But corroded metals can cause serious problems due to leaky MWF 
tanks. In the course of the experiment the surface of the different metals were subject 
to biofilm formation by a mixed population of MWF native bacteria in a MWF solution, 
so as to test whether this mixed population is able to induce corrosion. Prior and sub-
sequently to biofilm formation the arithmetic surface roughness Sa was measured as 
a quantitative measure for corrosion and pitting of the surface induced by microor-
ganisms. Table 3-4 lists the values of surface roughness Sa as measured by atomic 
force microscopy.  

Table 3-4

Metal substratum 

:  Arithmetic surface roughness Sa of the metal substrata used for biofilm formation before 
and after biofilm formation, measured area: 10µm x 10µm. The surface was cleaned pri-
or to measurement. 

Arithmetic Surface Roughness Sa [nm] 

before biofilm formation after biofilm formation 

Stainless Steel 52.8 56.2 

Copper 28.3 52.1 

Aluminum alloy 32.4 68.2 
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The surface roughness Sa of the stainless steel coupons showed values of 52.8 nm 
before and 56.2 nm after biofilm formation on the surface, showing a slight increase 
of surface roughness. The impact of the bacteria is visualized in Figure 3-16; the al-
ready rough surface shows a tendency towards more irregular surface structures, 
which depicts the minimal increase in surface roughness Sa. 
 

A 

 

B 

 

Figure 3-16

 

:  AFM micrographs of the surface of stainless steel coupons before (A) and after (B) colo-
nization with a biofilm in MWF 
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Figure 3-17 shows the surface of the copper coupons before and after the biofilm 
colonization. The surface of the coupons before incubation was the smoothest of the 
examined metals. It can be seen clearly that the surface shows pitted areas after the 
biofilm formation. This is reflected in an increase of the surface roughness Sa from 
28.4 nm before the exposure to bacteria and biofilm formation to 52.1 nm after the 
biofilm formed on the surface and induced biocorrosion leading to an almost doubling 
of the surface roughness. Also a visual observable effect caused by the corrosion of 
copper was detected, in so far as the MWF turned turquoise due the presence of 
Cu2+ ions in the solution.  
 

A 

 

B 

 

Figure 3-17

 

:  AFM micrographs of the surface of copper coupons before (A) and after (B) colonization 
with a biofilm in MWF 
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The surface of the aluminum alloy had the property of a surface roughness Sa of 
32.4 nm before the biofilm formation on top of the surface. After the biofilm formation 
the surface roughness value Sa more than doubled to 68.2 nm. This was both the 
highest measured value of the surface roughness Sa after the incubation and the 
largest increase in surface roughness Sa caused by bacterial growth on the surface 
(Figure 3-1 ). The pitting of the surface can be seen clearly in 8 Figure 3-18 B. 

A 

 

B 

 

Figure 3-18

 

:  AFM micrographs of the surface of the aluminum alloy coupons before (A) and after (B) 
colonization with a biofilm in MWF 

Summarizing the results of the biocorrosion test the surface roughness Sa before the 
colonization with bacteria was lowest for the copper coupon, followed by the surface 
roughness Sa of the aluminum alloy. The largest surface roughness value was shown 
for the surface of the stainless steel coupon. After the colonization with bacteria and 
a thereby induced corrosion the surface roughness Sa of copper and stainless steel 
were in a similar range and the surface roughness Sa value of the aluminum alloy 
was the highest. The Sa values of copper and the aluminum alloy doubled over the 
experiment, with the aluminum alloy showing the largest increase, followed by the 
value for copper and the smallest increase was found on stainless steel.  
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3.6 Biostability of MWF Compounds 
As the metabolism of biofilm-associated bacteria is different from that of planktonic 
cells and the results of prior experiments in this work showed that biofilms are always 
present in MWF systems, even when no planktonic contamination can be detected, it 
is important to test the biostability or effectiveness of a given MWF compound with a 
system resembling the reality with most precision in order to get reliable and signifi-
cant results. For this reason a biofilm assay was developed for testing the biostability 
and/or biocidal activity of MWF compounds. The biofilm itself was grown with bacteria 
isolated from MWF system, thereby simulating the reality to a close degree. Another 
feature of the system is the mixed species biofilm, which is also part of the real situa-
tion in which co-metabolism plays an important role and may lead to degradation of 
compounds undegradable for single species biofilms. Two different methods were 
used to detect microbial proliferation in solutions with MWF compounds as sole car-
bon source. The examined MWF compounds represent members of the most im-
portant MWF ingredients, see Table 2-5, page 39. In order to evaluate the degrada-
tion with planktonic bacteria, the optical density at a wavelength of 620 nm was used. 
During metabolism the compound in question is degraded, and the energy is used for 
proliferation. This leads to an increase in optical density. The method for detecting 
the degradation of compounds by biofilm bacteria is based on a different mechanism. 
Here, resazurin is used. The conversion of resazurin to resofurin is detected by a de-
crease in absorbance at a wavelength of 595 nm.  
 

Degradation of 2-Phenoxyethanol 
The degradation of the biocide 2-phenoxyethanol is shown in Figure 10-3 in the ap-
pendix. Part A shows the degradation by planktonic bacteria. As can be seen the 
amount of cells decreases during the first 48 h, this is reflected by a decrease of opti-
cal density. After this time, a slight increase, this implies bacterial growth, was de-
tected in all cultures, most pronounced for the mix of ten species co-culture. Part B 
shows the degradation by biofilm associated bacteria. It can be seen that the single 
cultures cannot degrade 2-phenoxyethanol, but a mix of the particular microorgan-
isms is capable to proliferate to a low extent. The mix of ten microorganisms shows 
no active metabolisms. 
 

Degradation of Tergitol 
The degradation of tergitol, a surfactant/emulsifier, is depicted in Figure 10-4 in the 
appendix, part A shows the depletion by planktonic bacteria. Only marginal growth 
was detected in the planktonic cultures, with the highest growth rates shown by the 
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co-culture of ten species, followed by the values of the single culture of 
Methylobacterium sp. and the second co-culture containing five species. The degra-
dation of tergitol by biofilm associated bacteria is shown in part B, it is readily de-
graded in particular the mix of ten microorganisms showed the fastest degradation 
rate reaching a plateau after approximately 24 h. This implies the complete depletion 
of the substrate. The mono culture of Burkholderia xenovorans is also adapting fast 
to the change in medium and reaches a plateau after approximately 72 h. The other 
cultures show minor growth, thereby metabolizing tergitol. 
 

Degradation of Oleyl alcohol 
The degradation of oleyl alcohol, which is used as a solubilizer and lubrication en-
hancer, is depicted in Figure 10-5 in the appendix. The planktonic cultures showed 
no growth. Inside the biofilm the single culture of Arthrobacter chlorophenolicus and 
Ps. oleovorans showed considerable degradation capacities, also the co-culture of 
ten microorganisms could grow and metabolize oleyl alcohol significantly. The co-
culture of five species was unable to degrade oleyl alcohol.  
 

Degradation of Monoethanolamine 
The results of testing the degradability of monoethanolamine, which is used as am 
emulsifier and corrosion inhibitor, by planktonic and biofilm associated bacteria is 
depicted in Figure 10-6 in the appendix. Whereas monoethanolamine was not de-
graded by planktonic bacteria; it was degraded rapidly by biofilm associated bacteria. 
Especially Arthrobacter chlorophenolicus showed a fast degradation of 
monoethanolamine within 24 h, the same was seen for the mixed culture of five spe-
cies. The other cultures showed minor degradation capabilities, in particular, the mix 
of 10 co-culture and the Ps. oleovorans mono-culture were unable to degrade 
monoethanolamine. 
 

Degradation of Tetramethylurea 
The degradation of tetramethylurea, which is used as an solvent and rheology addi-
tive, happened with very low rates in planktonic states as can be seen in Figure 10-7 

in the appendix. The highest reduction rate was detected for the biofilm associated 
form of Burkholderia xenovorans followed by Arthrobacter chlorophenolicus. Both 
mixtures of five and ten microorganisms show minor degradation rates. 
 

Degradation of 3-Jodo-2-Propynyl-N-Butylcarbamate 
The use of 3-iodo-2-propynyl-N-butylcarbamate, which is added as a fungi-
cide/biocide, as sole carbon source for bacterial growth is shown in Figure 10-8 in the 
appendix. It could not be used by planktonic bacteria, as no growth was detected 
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(see Figure 10-8 part A). Arthrobacter chlorophenolicus was the only bacterial spe-
cies that was able to degrade the biocide in its biofilm associated form.  
 

Degradation of Di-tert-dodecylpolysulfide 
Figure 10-9 in the appendix shows the degradation of di-tert-dodecylpolysulfide, 
which is used as a lubrication enhancer. It was metabolized by planktonic bacteria 
with medium rate, compared with the degradation of the other MWF compounds. No 
particular improvement of degradation was seen for both mixed cultures. The biofilm 
associated bacteria were also only insignificantly capable of degrading di-tert-
dodecylpolysulfide, with the exception of the mixed culture consisting of five species, 
which shows growth in di-tert-dodecylpolysulfide with a slow degradation rate.  
Table 3-5 summarizes and compares the results from the biofilm assay. Three com-
pounds were readily degradable by the biofilm but not by the planktonic bacteria, 
namely tergitol, oleyl alcohol and monoethanolamine. Tetramethylurea, di-tert-
dodecylpolysulfide and 3-iodo-2-propynyl-N-butylcarbamate were degraded with a 
medium rate by the biofilm associated bacteria. 2-Phenoxyethanol was degraded to a 
low level. The inverted picture was found for the degradation of the compounds by 
planktonic bacteria. No growth was detectable when 3-iodo-2-propynyl-N-
butylcarbamate, oleyl alcohol; monoethanolamine, tetramethylurea and 2-
phenoxyethanol were available as sole carbon and energy sources. Minimum growth 
was detected for tergitol and di-tert-dodecylpolysulfide.  

Table 3-5

Compound 

:  Comparison of degradation of MWF compounds by planktonic and biofilm associated 
bacteria. (-) indicates no detectable growth; (+) abundance smaller than |0,5|; (++) 
abundance between |0,5| and |1,5|; (+++) abundance higher than |1,5|. The most 
efficiently degrading culture is stated in brackets. 

Growth of plankton-
ic bacteria 

Growth of biofilm-
associated bacteria  

2-Phenoxyethanol - + [mix of 5] 
Tergitol + [mix of 10] +++ [mix of 10] 
Oleyl alcohol - +++ [mix of 10] 
Monoethanolamine (MEA) - +++ [Arthrobacter] 
Tetramethylurea - ++ [Burkholderia] 
3-Jodo-2-propynyl-N-
butylcarbamate - ++ [Arthrobacter] 

Di-tert-dodecylpolysulfid + [Ps. 
oleovorans] ++ [mix of 5] 
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4 Discussion 
This work aims at the comprehensive investigation of the system “Machine – Metal 
working fluid (MWF) – Environment”, with a particular focus on biofilms in MWF sys-
tems. With microbial contaminations being the main reasons for untimely MWF ex-
change, and thereby all corresponding costs and effects, the necessity for clarifica-
tion of the contamination causes becomes clear. Understanding the mechanisms 
leading to the formation of biofilms is the important step towards understanding its 
function and role in environment and thereby being able to prevent its undesired 
growth in technical surroundings and making counteractions possible.  
 

Initial Situation and Microbial Status of the Investigated MWFs 
During this study five machines and their MWF systems were microbiologically char-
acterized with two machines located in a small work hall and three in a large one. 
The first step in understanding the microbial contamination was to examine the MWF 
itself thereby defining the initial situation. The bioburden of the MWFs in question did 
not differ significantly. Besides the time period in which the machine SS-M1 was 
sampled weekly, all machines showed bioburdens of ca. 106 CFU/ml and were in this 
regard comparable to literature (see Table 10-1 in the appendix). The biodiversities in 
the MWFs are with 13 species (SS-M1), 5 species (SS-M2), 6 species (PS-M1), 9 
species (PS-M2) and 10 species (PS-M3) comparable to the results of Lodders and 
Kämpfer (2012) who found between 4 and 19 species in a particular MWF and the 
results of Gilbert et al. (2010) who found that the biodiversity in MWFs was always 
under ten species in their study. Also the fact that most of the time one bacterial ge-
nus is predominant in the MWF system is in accordance with published results 
(Lodders and Kämpfer, 2012; van der Gast et al., 2001). According to these charac-
teristics the machines in question have an average hygienic status neither very 
strongly contaminated nor very well kept. This leads to the conclusion that this works 
results can be seen as generally applicable.   
 

Influence of Different Contamination Routes  
Research on microbial contamination in MWF gives a broad picture on the different 
microorganisms found in MWFs (listed in Table 10-2 in the appendix), but only a 
small number of publications give fractional reasons for this intrusion. Therefore the 
next step aimed at elucidating possible contamination routes. The surrounding envi-
ronmental microflora was investigated by sampling the air, the MWF concentrate, the 
mixing water, the metal work-pieces, the MWF and the biofilm. For a number of spe-
cies it was possible to suggest an origin of contamination, as described in 3.3.2. The 
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largest source of contamination, with the highest compositional congruence with the 
MWF contamination, was represented by the biofilm. This emphasizes particularly 
clear how important it is to eliminate the biofilm in the MWF system.  

The concentrate itself showed no contamination, which is unexpected, as Obidi et al. 
(2009) showed for paints, that the raw material used for paint production can already 
be highly contaminated.  

Influence of the MWF concentrate 

An important contamination source is represented by the mixing water. The detected 
cell number in the preparation water is comparable to the results of Lodders and 
Kämpfer (2012). They found bacterial loads ranging from 4.6 x 102 to 
7.8 x 107 total cells/ml preparation water. Furthermore they found that the mixing wa-
ter contained microorganisms that were not isolated from the MWF, indicating that 
the mixing water is no source for contamination. This cannot be confirmed in this 
work, as two thirds of the found species in the mixing water were also isolated from 
the MWF. A similar finding was reported by Remus (2011) for the process water in an 
automotive coating process, where the deionized water is a significant source of con-
tamination for the cathodic coating solution. This route of contamination is very 
strongly correlated to the microbiota of the preparation water, which is depending on 
the different factors including the water quality, the age and material of the tubing 
system inside the building, the usage frequency, just to mention the main factors 
(Szewzyk and Szewzyk, 2000; Flemming, 2011; Remus, 2011).  

Influence of the mixing water 

Airborne microorganisms can be found in the MWF. Even though the operating zone 
is usually a closed space in order to minimize operational hazards like aerosols, air-
borne microorganisms can still levitate into the MWF in between machining of differ-
ent work-pieces. As also soil, dust and skin particles can be carried in the air, the va-
riety of microorganisms is not only restricted to classical airborne bacteria like Micro-
coccus luteus but also certain Bacillus sp. and Staphylococcus sp. (Hospodsky et al., 
2012), making human presence a further source of contamination of MWF. The iso-
lates represent typical environmental microorganisms, most of them are usually 
found in air, a small number of isolates like Bacillus sp. and Streptomyces sp. are 
normally isolated from soil (Halverson et al., 2000). But contaminated MWF also rep-
resents an occupational hazard. Laitinen et al. (1999) isolated microorganisms from 
the air surrounding a machine and found that the concentration of bacteria decreases 
with distance to the machine. The level of Gram negative bacteria in a distance of 

Influence of Airborne Microbiota 
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three meter was almost one tenth of the concentration in close proximity to the ma-
chine. Mattsby-Baltzer et al. (1989) found a similar result of an inversely correlation of 
amount of Gram negative bacteria and machine distance, whereas the amount of 
gram positive bacteria is increasing with distance. This is in correspondence with the 
result found in this work, that there are microorganisms present in the air inside the 
machine and thereby a source of contamination. Contradictory to these results is a 
part of the work of Wichmann et al. (2013) in which they tested a novel glycerol 
based MWF without any biocides added, and stated that no bacteria were growing on 
plates exposed to the surface of the testing grinding machine also stating that it is 
commonly accepted that no microorganisms are present in a machine, which cannot 
be confirmed in this work.  

A high impact source for microorganisms proved to be the surface of metal work-
pieces, which was not reported by any other author earlier. Before processing a 
number of microorganisms were found on the surface, while after processing no mi-
crobial growth could be detected. As the work piece is wetted with MWF during pro-
cessing, the MWF is rinsing off microorganisms from the surface into the storage 
tank. This is supported by the fact that the majority of microbial species found on the 
metals were also found in the MWF or the biofilm. The bacteria found on the metal 
work pieces are typical soil and skin bacteria, which can be explained by the fact that 
the unprocessed material lies on the ground prior processing and is handled by hand.  

Influence of Metal Work-Pieces 

Summarizing it can be said, that in particular the mixing water, the air and the metal 
work pieces represent sources of contamination, this is depicted in Figure 4-1. With 
this in consideration, certain countermeasures should be recommended. In particular 
the mixing water should be sterilized before using. For microorganisms that originate 
from both the air in the workhall and the metal work-pieces, it is unpractical to reach a 
sterile form. But giving a similar route into the machine that is through the machining 
zone into the MWF tank, one possibility is to install an adequate filter to prohibit the 
intrusion into the MWF tank. 
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Figure 4-1

 

:  Routes of contamination; 1 – Initial contamination by microbial intrusion through air, the 
mixing water and rinsed off microorganisms from metal work-pieces. 2 – Initial biofilm 
formation, adhesion of single cells. 3 – Biofilm growth and maturity. 4 – Detachment of 
biofilm parts and single cells leading to a recontamination (leading again to step 2) 

Biofilm Associated Microbiota and the Temporal Development of the Biofilm  
As the first results of the biofilm composition and published results from other tech-
nical systems show that the main source of recontamination is represented by bio-
films, a closer focus on characterizing the biofilm and comparing it with the planktonic 
contamination was carried out. Subsequently one machine was chosen for a more 
detailed analysis. In particular the MWF system of machine SS-M1 was monitored 
minutely over a period of 28 weeks after a cleaning event and another subsequent 35 
days, including a second cleaning event. Directly after mixing, the MWF contained no 
detectable contamination, even though the tap water used for mixing did contain 
103 CFU/ml, proving that when freshly mixed the biocide, in this case 
isobutylcarbamate, in MWF works efficiently. The MWF in question showed a detect-
able contamination of 103 CFU/ml only on three subsequent weeks, which was elimi-
nated by refilling the corresponding MWF. This contamination also led to an increase 
in nitrate/nitrite concentration. Before and after this monitoring period the MWF was 
also sampled and different bacteria were isolated from the lubricant. 
Even though no contamination, besides week 12 to 14, was detected in the liquid 
MWF during the monitoring time, a biofilm was present in the machine and developed 
on the surface of in situ installed coupons. During cleaning the complete MWF sys-
tem was sampled to investigate different parts of the habitat “MWF↔machine”. The 
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prevalent species belonged to Bacillus spp. especially on the bottom of the tank. 
There the heavier species B. megaterium and B. cereus were found, which might be 
due to sedimentation of the cells. But also on top of the tank Bacillus spp. was isolat-
ed. A change in bacterial composition was found at the pump inlet. The pump inlet is 
the area with the highest turbulence, along with the nozzle. Here the composition 
shifted towards Pseudomonas sp., which belongs to a genus representing strong bio-
film builders, forming biofilms on any surface (Mann and Wozniak, 2012). A similar 
observation was made by Percival et al. (1999), who investigated the effect of turbu-
lent flow on biofilm formation in a drinking water system. They found that the predom-
inant bacterium in biofilm build under turbulent conditions was Pseudomonas sp., 
while at laminar flow the biofilm consisted of Acinetobacter sp. and Arthrobacter sp. 
The other bacteria found in the pump inlet belonged to the genera Staphylococcus 
and Micrococcus; these two genera were also isolated from the nozzle, speaking for 
a colonization of the complete pump and tubing system up to the nozzle with these 
bacterial species. Also Mycobacterium sp. could be isolated from the sides of the 
tank. Interestingly no Bacillus sp. was isolated from the pump itself, but was the pre-
vailing contaminant in the biofilm on the sides of the tank.  
The microbial diversity on the polyurethane (PU) coupons was increasing over the 
first three months from seven species on the first sampling day to 12 species after 12 
weeks. In this sampling week the already mentioned contamination in the MWF was 
detected. One reason might be that due to the maturity of the biofilm, parts of it start-
ed to detach actively and disperse. Imaging a biofilm as the “city of microbes” and 
looking at it from an anthropomorphic point of view, this would mean that the biofilm 
reached a level of overpopulation with the result of detachment of a certain amount of 
bacteria in order to colonize new habitats (Watnick et al., 2000). On the next sam-
pling date the biofilm consisted only of two species: Pseudomonas sp. and M. luteus. 
During this particular biofilm sampling interval the MWF was refilled with concentrate 
and the contamination in the liquid was thereby eliminated. One explanation is that 
the biocide did work on the biofilm as the bacteria were in the state of detachment 
and thereby not protected by the EPS, leaving only two highly adapted species in the 
biofilm. Especially Pseudomonas sp. is known to be a primary colonizer, being able 
to degrade biocides and making life for other bacteria possible by means of its me-
tabolism and by-products (Mattsby-Baltzer et al., 1989). The other detected specie is 
M. luteus, which is mesophilic (20 – 40 °C), can degrade a large variety of carbon 
sources including toxic compounds and tolerates alkaline pH up to a value of pH 10 
(Sandrin et al., 2003; Stackebrandt et al., 1995; Wieser et al., 2002). Micrococcus sp. 
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is able to de-emulsify oil in water solution; it is growing on n-alkanes as C-source 
(Das et al., 2001). Comparing these abilities with the properties of MWF (pH 9,5, car-
bon source in form of the oil part of the MWF, possible presence of metal ions) and 
the prevailing moderate temperature of around 22 °C, M. luteus is very efficiently 
adapted to life in MWFs. Both microorganisms can be seen as primary colonizer after 
the biocide addition explaining their sole presence at this biofilm sampling. It has to 
be said that the data does not suggest that the biocide is active against biofilms in 
general due to the development of the biofilm in the first place. Also the biofilm in the 
tubing system of the machine was not eliminated and is thereby a source for recon-
tamination. After the refilling of biocide the biofilm gained back its biodiversity but not 
to the full extent of twelve detectable species, which might be due to insufficient time 
for development as the MWF was exchanged.  
Research showed that the average time for adhesion onto a surface of suspended 
microorganisms like Staphylococcus sp., Streptococcus sp., Pseudomonas sp. or 
Escherichia coli is 2-4 h (Costerton et al., 1984; Bester et al., 2010). Time scale for 
biofilm development in a “normal” environment depends on the developmental stage 
of the biofilm. A young biofilm shows a doubling time of 33 h and in a mature biofilm 
with presumed steady state the bacteria have a doubling time of minimum 70 h 
(Poulsen et al., 1993), Ps. aeruginosa produces a mature biofilm in 5-7 days in in 
vitro systems (Hoiby et al., 2010). In case of the biofilm formation in the machine the 
maturation took three to four weeks, while a first adhesion and micro-colony for-
mation was detectable after two days and a week, respectively. The exact time frame 
for the first adhesion cannot be stated. The slow development along with the small 
three dimensional expansions of less than 20 µm can be attributed to the conditions 
found in MWF from a microbial point of view. Especially for the next step of forming a 
three dimensional structure the incubation conditions have a large influence (Melo, 
1992). The surrounding medium plays an important role, in this case the MWF repre-
sent a non-supportive medium compared to nutrient broth, in which maturing is fast. 
When comparing the biofilm maturation with results of biofilm formation in oil sys-
tems, in which the maturation can take up to three months (Passman, 2003), the time 
frame is fast for an oil-in-water system.  
In summary it can be said, that the first detection of a biofilm in a MWF system is 
possible after two days, with maturity reached within three weeks. Furthermore there 
is only a unidirectional correlation between a present biofilm and a planktonic con-
tamination, insofar as that it can be said that if a planktonic contamination can be de-
tected a biofilm is also present, whereas the presence of a biofilm does not neces-
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sarily imply a planktonic contamination. A similar finding was also published for other 
systems e.g. drinking water tubing (Schaule et al., 2000). 
 The practical measurements drawn from these results should recommend a cleaning 
strategy to extinguish biofilms in machines within a time frame of one month. Fur-
thermore the detection of biofilms in machines is a recommended step in routine 
MWF analysis. 
 

Effect of Mechanical Cleaning on Biofilm Development 
As part of good manufacturing practice machines are cleaned in certain intervals, 
especially the MWF tanks should be cleaned mechanically in fixed periods. The 
question that arises is the efficiency of a cleaning event. Therefore the tank was 
cleaned mechanically at week 28 and then refilled with freshly mixed MWF. In the 
aftermath of this, the picture changed during the second biofilm experiment in so far 
as that after day 2 microorganisms were already detectable, whose origin is the bio-
film in the system. In particular M. luteus was detected with a high frequency, again 
speaking for its role as primary colonizer. The explanation for this contains two parts: 
one of the reasons for tearing off biofilm parts is the cleaning event, were biofilm is 
mechanically brushed off the surface. Cook and Gaylarde (1988) found that after me-
chanical cleaning the bioburden increased up to 20 times due to the disruption of the 
biofilm. If the system is not rinsed again sufficiently, these torn-off parts stay in the 
system and recontaminate it. But the cleaning event can also be seen from an eco-
logical-evolutionary point of view. This means that microorganisms, like any other 
living being, aim at proliferating, this is supported by microbial intra- and interspecies 
communication or Quorum Sensing (QS). QS can trigger the active disintegration of 
micro-colonies from a biofilm or the detachment of single cells to colonize new habi-
tats in case of environmental changes (Stoodley et al., 2002; Lewis, 2005). In this 
case the cleaning and refilling with freshly mixed MWF can be seen as a change of 
environment with the possibility to colonize “new” habitats; these are the cleaned sur-
face of the tank and the liquid MWF. As the biocide was effectively eliminating plank-
tonic cells, no bacteria could be detected after a strong increase and a steep de-
crease of cell counts, while at the same time the biofilm started to develop and grow, 
as biocides are considered not potent against biofilm associated bacteria (Luppens et 
al., 2002). With the growth of the biofilm the bacteria can also degrade the biocide, 
leading to a further decrease of the biocidal activity. At day 22, microorganisms were 
detectable in the MWF again; this either indicates that the biocide is not effective an-
ymore or that the biofilm in the machine reached a point of development, when parts 
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are naturally detaching again in order to colonize new habitats, similar to the event in 
week 12 of the first biofilm experiment.  
Comparing the summarized results of the first biofilm experiment (26 species belong-
ing to eleven families) with the results of the second biofilm experiment (21 species 
belonging to eight families), and combining this with the knowledge that not only the 
MWF tank is contaminated but also the complete tubing system, it becomes clear 
that the applied cleaning procedure with mechanical brushing and an ethanol wiping 
step for disinfection is insufficient, as after already two days a biofilm is growing on 
the coupons again and after 35 days the microbial analysis shows the same results 
like the biofilm analysis over a period of six month in a used MWF.   
 

The MWF System as an ecological habitat with its biodiversity  
In order to get reliable results and to understand the nature of biofilm development, 
whether it is depending on the industrial site or the machine, the biodiversities of five 
machines at two industrial sites were examined. By comparing the biodiversities it is 
possible to find an indicator microorganism which is universally present within the 
biofilms. This can improve detection systems. During the monitoring time of the ma-
chine SS-M1 the biofilm development was investigated with in situ installed coupons, 
on which a variety of overall 49 species were detected. Comparing this to other envi-
ronmental biofilms or technical systems, the biofilm in the machine SS-M1 shows a 
lower to average biodiversity. For instance the biodiversity in a biofilm in a non-
chlorinated model drinking water system contains at least 83 different species 
(Martiny et al., 2005) or in the more technical system of a beer bottling plant, the bio-
films revealed a biodiversity of 192 species with a predominance of Methylobacterium 
sp. (Timke et al., 2005). But there are also systems with comparable diversities as 
the biofilm from a kitchen sink with a biodiversity of 13 bacteria species shows 
(Furuhata et al., 2010). As there is little published literature on biofilms and their 
composition in MWF systems, comparison can be made with other technical systems 
with similar chemical composition. It stands to reason to compare the MWF biodiver-
sity with one found in petroleum and its derived products, as MWFs are mostly min-
eral oil based. The composition of the MWFs is similar to gasoline and kerosene with 
hydrocarbons with chain lengths of C5-C16, in addition antioxidants, metal deactiva-
tors, alcohols, surfactants as anti-icing agents and corrosion inhibitors are added 
(Gaylarde et al., 1999). In this regard the biodiversity is comparable with the amount 
of species isolated from biofilms found in petroleum transporting pipelines, where 
eleven different species were isolated (Rajasekar et al., 2010). The predominant bac-
teria belonged to the species Bacillus cereus and Serratia marcescens, but six other 
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Bacillus species were also isolated along with two Pseudomonas sp. and one 
Klebsiella sp.. In addition sulfate reducing bacteria (SRB) are found frequently in bio-
films in petroleum systems (Neria-González et al., 2006). The predominance of Bacil-
lus spp. can be confirmed in the MWF systems of the small work hall. SRB were not 
isolated from the MWF system, but an Arthrobacter sp. which is known to build a 
supportive environment for sulfate reducing bacteria by segregating its metabolites, 
which are used as substrate by SRB, making the presence of SRB a possibility in the 
MWF systems (Koronelli et al., 2001). Another example of similar biofilms are bio-
films developing in paints, for instance in the cathodic coating process in the automo-
tive industry. Remus (2011) isolated eight species from a filter of the coating dip tank, 
also finding Methylobacterium sp. and Burkholderia sp., whereas the biofilm on the 
walls above liquid surface level contained over 40 species of mostly Gram negative 
bacteria, in particular no Bacillus spp. were isolated. This system is highly compara-
ble with MWF as it consists of an aqueous solution with a hydrocarbon part and bio-
cides are added frequently. Even though the chemical composition is similar, the mi-
crobial status differs with Bacillus spp. being found in the biofilm in MWF systems. 
The most probable reason for this difference can be found in the fact that the sam-
ples investigated in this work were always under liquid surface level, whereas the 
biofilm samples of Remus (2011) were taken above surface level. Thereby only aer-
obic bacteria can be sampled, compared to the MWF biofilms which also contain fac-
ultative anaerobic bacteria.  
 

Who is living in the Biofilm? A Species Description  
A number of species were isolated with a high frequency. Staphylococcus spp., in-
cluding six species, were isolated. In particular St. epidermis and St. hominis, along 
with other isolated bacteria like Micrococcus luteus represent typical commensal res-
idents of the skin flora (Chiller et al., 2001). They most probably originate from ma-
chine workers and skin particles transported through air (Hospodsky et al., 2012; Na-
tional Institute for Occupational Safety and Health (NIOSH), 1998). A large number of 
organisms belonged to the genus Bacillus spp.; this is a particular heterogeneous, 
environmentally diverse genus, implying a highly adaptive metabolism. Some mem-
bers are alkaliphilic with a pH optimum of pH 10, but with a wide growth range. For 
instance, Oceanobacillus sp. and two Bacillus species were isolated from a biofilm 
from the Kuwaiti coasts during a study on alkaliphilic, weakly halophilic, hydrocarbon 
degrading bacteria with a pH optimum of pH 10 (Al-Awadhi et al., 2007). Ubiquitously 
present Bacillus species were isolated like Bacillus subtilis, which is a mesophilic 
bacterium capable of biofilm formation and living in alkaline conditions (Earl et al., 
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2008). B. subtilis is motile, along with other Bacillus species and species that were 
formerly belonging to the genus Bacillus, but are now forming a distinct genus like 
Oceanobacillus sp. and Paenibacillus sp.. A further trait they share is their ability to 
degrade a large variety of carbon sources, in particular hydrocarbons. Therefore Ba-
cillus spp. has been isolated from manifold environments including: wall-paintings 
based on oil in water paints (Gorbushina et al., 2004), aviation and automotive fuels 
(Rodriguez-Rodriguez et al., 2009; Rauch et al., 2006; da Cunha et al., 2006), deep 
sea natural oil reservoirs (van Hamme et al., 2003) but also coating bath in the auto-
motive industry (Gühring, 2000; Remus 2011). Bacillus licheniformis, B. cereus and 
B. subtilis are known for producing biosurfactants making hydrocarbons available for 
microbial metabolism (Javaheri et al., 1985; Janiyani et al., 1994; da Cunha et al., 
2006). B. circulans is also known for producing substantial amounts of EPS, thereby 
accumulating and complexing toxic metal ions (Sahoo et al., 1992; Hsieh et al., 
2004). Interestingly B. cereus was found to show antagonistic features in mixed spe-
cies biofilms according to Andersson et al. (2008), which was not found in case of 
MWF biofilms in this study. Two more adapted species were isolated: Bacillus 
benzoevorans, which is capable of growing on aromatic hydrocarbons (Pichinoty et 
al., 1984), and B. methylotrophicus, this species being able to utilize methanol and 
formaldehyde as sole carbon source (Madhaiyan et al., 2010). With these capabili-
ties, MWFs present a very livable environment for the genus Bacillus. The hydrocar-
bon part is supplying more than enough energy, they can form their own biofilm, and 
thereby the biocide shows no effect. The genus is made of aerobic and facultative 
anaerobic species, which is important during biofilm maturation as aerobic areas 
evolve into anoxic parts, and furthermore as they are motile, finding new habitats is 
also highly likely for this genus.  
Another Gram positive, non-motile bacterial genus isolated is Acinetobacter sp., they 
have been isolated from soil, the automotive industry and fuel systems and are able 
to produce biosurfactants (Sheehy, 1990; Rauch et al., 2006; van Hamme et al., 
2003; Shank et al., 2009; Remus, 2011; Zanaroli et al., 2010). Acinetobacter 
calcoaceticus was found to form thick biofilms in homoculture, but to be present in 
low number in mixed species biofilms (Andersson et al., 2008). Acinetobacter 
calcoaceticus was also found to enhance biofilm formation by forming co-aggregates 
with other bacteria, leading to increased biofilm mass when a mixed culture of six 
bacteria was incubated with A. calcoaceticus compared to culturing without A. 
calcoaceticus (Simoes et al., 2008). This shows the importance of Acinetobacter sp. 
for synergistic effect in MWF biofilms. 
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The microorganisms mostly recognized as being highly adapted to a large variety of 
environments is the genus Pseudomonas. Pseudomonas sp. is a motile, ubiquitously 
present, mesophilic microorganism, which can metabolite a large variety of carbon 
sources and in addition shows strong biofilm formation capabilities (Lalucat et al., 
2006; Zanaroli et al., 2010). It has been isolated from aviation fuel, industrially pollut-
ed soil, MWF or cutting oils in general (Gardner et al., 1982; Otenio et al., 2005; 
Huertas et al., 2006; Gaylarde et al., 1999; Rauch et al., 2006). It is known for de-
grading biocides (Marty et al., 1986). In particular Pseudomonas oleovorans is highly 
adapted to life in MWF or cutting fluids (Lee and Chandler, 1941). But also Ps. 
stutzeri shows a highly versatile metabolism, being able to degrade crude oil and its 
derivatives, aliphatic hydrocarbons and aromatic hydrocarbons including polychlorin-
ated biphenyls (PCBs) and polyaromatic hydrocarbons (PAHs). Due to this variety 
Ps. stutzeri is used in bioremediation and biological waste treatment (Lalucat et al., 
2006). Important in terms of biofilm development are the synergistic effects of mixed 
cultures with Pseudomonas sp. supporting the growth of the other species 
(Andersson et al., 2008). Pseudomonas sp. can be seen as one of the main culprits 
in MWF contamination (van der Gast et al., 2003; Saha and Donfrio, 2012b), which is 
the case in the investigated large scale industrial site.  
Ralstonia pickettii was also isolated in coating systems in the automotive industry; 
there it was proven not to be able to form any biofilm, thereby not being a primary 
colonizer, but to settle in established biofilms (Remus, 2011). Other habitats of R. 
pickettii are plastic water pipes, where it was isolated from a biofilm. As R. pickettii is 
able to degrade a variety of toxic aromatic compounds, it was suggested that R. 
pickettii is also able to degrade the plastic polymer for metabolism (Ryan et al., 
2007). By comparing this spectrum of degradable compounds with the chemical 
structures of MWF compounds, it is highly likely that R. picketti can also degrade 
MWF compounds. The same can be said for Mycobacterium sp , which are able to 
degrade polycyclic PAHs in contaminated soil (Uyttebroek et al., 2006), a property 
that makes life in MWF possible for Mycobacteria sp.. Up to date it cannot be said, 
whether the fungi are actively metabolizing in the lubricant or just present in their 
spore form. But given the similar chemical composition and similar microorganisms 
isolated from both fuel and MWF, the ability of fungi like Aspergillus niger to actively 
degrade fuel can be transferred to fungi isolated from MWF, speaking for an active 
degradation of MWF by fungi (Bento et al., 2001).  
Comparing the biodiversity with other technical systems it can be said that in general 
the microbial diversity of biofilms found in MWF systems is low compared to envi-
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ronmental systems without the presence of biocides, but is average when compared 
to other technical systems to which biocides were added. Furthermore by comparing 
the isolated species with the isolates from the biofilms in the above mentioned similar 
systems, the majority of detected microorganisms could not be assigned to a particu-
lar genus or species but appeared to be mostly environmental microorganisms with 
the ability to degrade a broad spectrum of carbon sources. In addition highly adapted 
bacteria were also isolated; furthermore a number of pathogens are included. This 
makes the definition of an indicator microorganism unpractical, but the main focus 
should be on Pseudomonas sp. and Bacillus sp. for fast detection systems. 
 

Can the Biofilm Composition be Generalized or is it Site and Machine Specific?  
Five machines located in two industrial sites, differing in size, were microbiologically 
investigated. The question that had to be answered was whether every machine rep-
resents its own biotope with an individual composition or is the composition site de-
pendent? The microbial status of the MWFs is comparable within each industrial site, 
which can be attributed to the different MWFs used. The bioburdens of the MWFs in 
machines SS-M1 and SS-M2, with 105 CFU/ml, were comparable, the same holds 
true for the bioburdens of the three machines from site Pascalstr., which showed a 
higher burden than the machines in Seestr.. The MWF used in Seestr. contains 
Iodobutylcarbamate as biocide in addition to a formaldehyde releasing compound, 
whereas the MWF in Pascalstr. contained 2-Phenoxyethanol as biostaticum. Com-
paring this with the results obtained by the biofilm assay it can be said, that 2-
Phenoxyethanol was degraded with a high probability, as the MWFs in the machines 
in Pascalstr. are in use for over six months at sampling time. This means that no ac-
tive biocide is present and bacteria can proliferate. This is supported by results of a 
study by the Deutsche Gesetzliche Unfallversicherung (DGUV, 2009) which shows 
that the biocide concentration is strongly depending on the temperature of the MWF, 
with a half-life of ten days at 25 °C, decreasing to a half-life of one to four days at a 
temperature of 40 °C.  
A very serious matter is the presence of pathogenic bacteria in MWF and the corre-
sponding biofilm. TRBA 466 (Bundesanstalt für Arbeitsschutz und Arbeitsmedizin) 
classifies bacteria into different risk groups according to their potential to cause ill-
ness in humans. It has to be stated that while in the MWF of Seestr. machine five risk 
group 2 (RG2) species were present, the MWF in Pascalstr. machines contained only 
two RG2 species, this can be explained by a more stable community in the MWF of 
the machines in the Pascalstr., were no evolutionary pressure is added, which shifts 
the bacterial composition towards more pathogenic bacteria, this is in accordance 
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with Dilger et al. (2005). They found that in unpreserved MWF the amount of bacteria 
is similar to the bioburden in preserved MWF, with the difference of a higher level of 
pathogenic bacteria in preserved MWF.  
Differences between the biodiversity of the small machines in Seestr. and the larger 
machines in Pascalstr. might also be due to the size. A higher diversity in the small 
work hall compared to the large work hall was detected. Whereas the majority of mi-
croorganisms found in the large work-hall was Gram negative, in particular belonging 
to the genus Pseudomonas, and thereby also in consent with published results of the 
predominance of Pseudomonads in MWF (Rabenstein et al., 2009; Gilbert et al., 
2010), the majority of microorganisms found in the MWF in the small work hall is 
Gram positive belonging to Bacillus spp.. A possible explanation is that firstly the 
small workhall contained a large number of plants in soil in addition to the machines 
and secondly in the adjacent hall an experimental mill is located and grain is stored in 
volumes of 50 kg container made of fabric. Thereby soil or environmental dust parti-
cles can be dispersed into air and subsequently end in the MWF. Grain and soil are 
known for harboring a large number of Bacillus spp. and other Gram positive bacteria 
(Germida et al., 1998; Corsetti et al., 2007; Bullerman and Bianchini, 2009). Similar 
findings are published for the bacterial composition in MWFs, which depends on the 
site (van der Gast et al., 2003), the season (Ottow, 2011) and the composition of the 
MWF (DGUV, 2009; Gilbert et al., 2010). Murat et al. (2011) found similar results in 
comparing MWFs from the automotive industry and nonautomotive industry, insofar 
as that in the automotive industry Gram positive rods prevail accompanied by an in-
creased number of hypersensitivity pneumonitis cases, a result of Mycobacterium 
immunogenum. Contrary to this Gram negative bacteria were predominating the 
planktonic contamination in nonautomotive industry. They suggest that the kind of 
metal processed plays an important role in determining the contamination, along with 
the used MWF. 
One reason for the different biodiversities mentioned above might be that the MWF 
tank volumes of the machines in Seestr. are smaller, and thereby, as van der Gast et 
al. (2005) stated for the microbial contamination of MWF, forming small islands in 
ecological sense with less stable populations, whereas the machines in the large 
work hall had larger sized MWF systems and therefore more stable communities are 
formed within. In particular machine PS-M2 showed a low biodiversity in the micro-
biological analysis but the epifluorescence microscopy showed a complex three di-
mensional biofilm architecture. This can be explained by the prevalence of Ps. 
oleovorans in the MWF of this machine. This microorganism was first described after 
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isolation from MWF and can therefore be regarded as highly adapted to life in MWF 
(Lee and Chandler, 1941). In addition pseudomonads are known for strong biofilm 
formation characteristics (Mann and Wozniak, 2012). This speaks for a highly stable 
culture of Ps. oleovorans in a biofilm, where it has evolutionary advantages enabling 
faster proliferation and suppression of less adapted microorganisms, which is reflect-
ed in a lower diversity.  
In parts the biocide addition can explain a number of different biofilm characteristics 
of the in situ biofilms from the five machines. No difference was found in the water 
content of the different biofilms, in general it can be said that the water contents of 
the biofilms analyzed are in accordance with literature (Lieleg et al., 2011). The bio-
films in the machines located in Seestr. show higher densities compared to the bio-
films in machines in Pascalstr., which can be explained by the stronger need to main-
tain a more effective shield against the biocide in the MWF. With this property a dif-
ferent gradient evolved, making life for bacteria inside the biofilm less harsh, which 
can lead to an enhanced biofilm development. The bacteria isolated from the biofilm 
are not only environmental bacteria but to a certain part highly adapted to growth in 
MWF or an environment with hydrocarbons as carbon source. In particular Pseudo-
monas spp. and Bacillus spp. play important parts in the sophistication of the MWF 
biofilms. They are motile bacteria which can easily colonize new habitats and thereby 
making way for other bacteria possible (O'Toole and Kolter, 1998; Cleary et al., 2002; 
Höll et al., 2010). This is especially true for Pseudomonas. Mattsby-Baltzer et al. 
(1989) found that Ps. pseudoalcaligenes is neutralizing the biocide in an MWF, mak-
ing life for other microorganisms possible by its metabolic by-products. Bacillus sp. 
however is an endospore forming bacterium and can endure life threatening situation 
like desiccation in its spore form, thereby securing the survival of the biofilm, if a bio-
film is considered as a multicellular entity which has a drive to survive as a complete 
system (Hall-Stoodley et al., 2004). 
With the establishment of FISH in MWF biofilm samples a direct detection of in situ 
biofilms was possible. This was used along with other already mentioned characteris-
tics to compare the microbial status of the five machines under examination. Saha et 
al. (2012c) found different spatial architectures of biofilms from Ps. oleovorans subsp. 
lubricantis and Ps. fluorescences. They did FISH specifically with Pseudomonads, as 
some literature (Mattsby-Baltzer et al., 1989; van der Gast et al., 2003; Lonon et al., 
1999; Rabenstein et al., 2009) and their results point towards predominance of 
Pseudomonads in contamination, which cannot be confirmed in this work. As the re-
sults of this work point towards bacilli and a more heterogeneous contamination in 
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general, with the only exception PS-M2, the EUB probe was of more interest. The 
biofilm in PS-M2 was mainly made up of Pseudomonas sp., which was also found by 
Andersson et al. (2008), who found that in a co-culture biofilm of 13 species 
Ps. aeruginosa was the predominant species. This can explain the different structure 
of the PS-M2 biofilm, which showed a three dimensional structure with water chan-
nels and pores, this being the classical biofilm structure of mature Pseudomonas sp. 
biofilms (Stoodley et al., 1998; Mann and Wozniak, 2012). The structure of the bio-
films in the other machines showed similar architectures with mushroom shaped mi-
cro-colonies, as are found most often in literature to be a typical biofilm structure in 
laminar flow regimes with low concentrations of nutrients (Stoodley et al., 1998). This 
can be compared to the conditions in the bulk of the MWF tank where the coupons 
were installed, leading to the patchy circular cell clusters detected. A further explana-
tion for this structure can be found in the bacterial composition of the biofilm in the 
Seestr. machines, which consist mainly of Gram positive bacteria. Gram positive bac-
teria show a tendency to form finer biofilms (Peeters et al., 2008; Mariscal et al., 
2009). In general the biofilm structure is comparable to biofilms formed in other less 
harsh systems, which is unexpected. Due to the addition of biocides it was expected 
that the biofilms develop in very dense and three dimensional structures so as to pro-
tect the associated bacteria from the liquid MWF, which was only found in case of the 
biofilm in machine PS-M2, where the data from the MWF analysis point towards low 
levels of biocide whereas in Machine SS-M1 and SS-M2 high biofilm densities were 
detected but the biofilm developed into mushroom-like structures.  
In general it can be said that the biodiversity in biofilms depends on the industrial site 
and the composition of the MWF. The biodiversity shows site specific differences, in 
so far as that the diversity in the biofilms in the Seestr. machines is average com-
pared to literature as mentioned above, whereas the diversity of the biofilm associat-
ed bacteria in the machines in Pascalstr. is low with less than ten species in the bio-
films. This can be explained by the usage time of the MWF in the system, which is in 
case of the machines in the large work hall longer in use. A reason might be that the 
machines form a mature and highly stabile biotope, indicating that the bacterial con-
sortium is sophisticated in its synergistic effects and additional bacteria would disturb 
the equilibrium. In terms of pathogenic bacteria the biofilms in the Seestr. machines 
harbors more RG2 bacteria compared to the corresponding MWF. Compared to the 
machines at the small site, the MWFs and the biofilms from the large hall machines 
did not per se contain RG2 bacteria, in particular machine PS-M1 contained only 
RG1 or unclassified bacteria. But especially Mycobacterium immunogenum, Shigella 
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sp. and Moraxella sp. are pathogenic bacteria, making the biofilm in the machines not 
only a costly nuisance but also a critical source of disease.  
 

In vitro Biofilm Formation with native MWF isolates 
After characterizing native biofilms, the isolated bacteria were used for an in vitro 
setup in order to build a defined system in a controlled environment. This was used to 
test the influence of different incubation conditions along with the possible capability 
of the bacteria to induce biocorrosion.  

MWFs represent a complex mixture of different organic compounds. As biocides are 
part of this mixture, the bacterial species chosen for in vitro inoculation need careful 
consideration. Compared to the mineralization of other complex hydrocarbon mix-
tures, the co-existences and metabolic cooperation of several specialized bacteria 
with complementary substrate specificity is needed to degrade MWFs, this is not eas-
ily achieved in vitro as already mentioned by other authors for comparable systems 
(Richard et al., 1999; Zanaroli et al., 2010). The results show a successful inoculation 
of MWF with the ten bacterial strains isolated from contaminated MWF and a positive 
biofilm formation, with an inoculant consisting of both planktonic and biofilm associat-
ed bacteria. The comparison of the biofilm properties of the in situ biofilm, the positive 
control and the in vitro biofilm shows that the biofilm has similar characteristics, prov-
ing the successful simulation of the in situ situation by the in vitro biofilm system. Dif-
ferences in structure were detectable in the three dimensional structures of the mixed 
culture biofilms and the positive control with Ps. pseudoalcaligenes. The spatial de-
velopment of biofilms is strongly influenced by the nutrients available for growth, as 
shown for Ps. aeruginosa which develops into a flat biofilm depending on the carbon 
source (Klausen et al., 2003). Transferring this to Ps. pseudoalcaligenes, suggests 
the flat biofilm growth to be a result of growth in nutrient broth. As seen in the real 
system, it is very important to use multispecies systems, because of the variability in 
the biodiversity of the biofilms and therefore constantly changing possibilities of syn-
ergistic effects that cannot be simulated with monospecies biofilms. A further reason 
for employing multispecies biofilms is the increased resistance and tolerance towards 
toxic compounds like antimicrobial agents compared to monospecies biofilms (Stew-
art et al., 2001). It was shown by Lopes et al. (2012) that the biomass within a biofilm 
and the tolerance towards a biocide of Inquilinus limosus increased when co-cultured 
with Ps. aeruginosa. 

Evaluation of the in vitro Biofilm Formation  
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Influence of different incubation conditions on the biofilm development 
The variation of incubation conditions led to contrary effects on the biofilms formed 
on different substrata. Incubation at a temperature of 22 °C led to the largest biofilm 
formation in the following order glass>aluminum alloy>copper>stainless steel. By 
increasing the temperature to 37 °C the order changed into aluminum al-
loy>copper>glass>stainless steel. The effect of incubation variation “shaking, 22 °C” 
showed the same sequence as incubation without turbulence with glass>aluminum 
alloy>copper>stainless steel, and the incubation variation “shaking, 37 °C” led to ef-
fects in the order of copper>aluminum alloy>glass>stainless steel. Contrary to this 
work, Lucchesi et al. (2012) found that biofilm formation to be independent of the 
metal substratum; this cannot be confirmed in this work. 

The highest viability was found in the biofilm grown on the aluminum alloy, at the 
same time the density and average covered area was lowest on aluminum. The ad-
hesion is the critical point in biofilm formation, one reason explaining the high viability 
but low average covered area, is a reduced adhesion on the surface. This was also 
suggested by Booth et al. (2013). They investigated the effect of Al3+ on planktonic 
bacteria and biofilm associated bacteria and suggested that the attachment is a key 
factor and that in the presence of toxic Al3+ this process is interrupted. A possible 
mechanism can be the blocking of the proteins in the cell membrane due to ionic in-
teraction; thereby the adhesion forces between the cells and the surface of the met-
als are lowered, leading to a decreased initial adhesion (Piña and Cervantes, 1996; 
Kaim and Schwederski, 2005, Booth et al. 2013).  

Aluminum Alloy 

In case of copper the influence of temperature increase and turbulence is pro-
nounced. Copper is known for its antimicrobial properties, with Cu2+ being the toxic 
form of copper (Beswick et al., 1976, Summers and Silver, 1978; Giller et al., 1998). 
As proven in the biocorrosion experiment copper is oxidized to Cu2+. Thereby the 
toxicity in the solution in the area around the biofilm micro-colonies increases, build-
ing local maxima of Cu2+. By creating turbulence in the system local concentration 
maxima in the solution are eliminated, thereby the Cu2+ concentration next to the sur-
face decreases and becomes less toxic and the cells can proliferate. Yuan et al. 
(2007) state that a biofilm of Pseudomonas is growing readily on a Cu-Ni alloy 
(70/30), but due to the toxicity of the copper grows in patchy structure and aggregate 
to cell clusters. This is comparable to the finding in this work, insofar as that the bio-
film on copper grows in patchy micro-colonies with viabilities of up to 96 % and is 

Copper 
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able to corrode the copper. The overall viability of the biofilm grown on copper de-
creased with increasing temperature. With the temperature increase also the oxida-
tion of copper is accelerated, leading to higher overall concentrations in the MWF. 
This causes a decreased biofilm viability compared to lower temperature even though 
it was expected that the proliferation of the cells is faster at higher temperatures.  

The results of the biofilm formation on the stainless steel coupons are showing less 
toxic effects than the other metals, which might be due to the fact that the stainless 
steel was not corroded; thereby hardly any metal ions were solubilized. Besides the 
viability of the biofilm grown at 22 °C, which showed under 50 % viable cells in the 
biofilm, no influence of changing the incubation conditions were detectable. One rea-
son for this can be an already optimal biofilm growth on the substratum, which cannot 
be enhanced by optimizing the incubation conditions. The relationship between num-
ber of bacteria present in the biofilm and their viability is a negative correlation in the 
sense of a decreased viability with an increase of bacteria in the biofilm in nutrient 
broth on different non-toxic substrata (Sjollema et al., 2011). This would point to-
wards optimal conditions for biofilm growth leading to a viability decrease; this is sup-
ported by fact that the water content and the biofilm mass per area show the largest 
values in incubation at 22 °C, which is the temperature optimum for the used 
mesophilic bacteria. This also implies that the other chosen incubation conditions are 
not optimal in terms of biofilm formation.  

Stainless Steel 

Contrary to the results from the metal substrata, where shaking had either a positive 
or no effect on the biofilm formation, shaking led to a decrease in viability and biofilm 
density of the biofilm grown on glass, this being most distinct at 22 °C. One differ-
ence to the other substrata is the absence of toxic metal ions, which makes the envi-
ronmental conditions more livable and the need to form a biofilm less urgent, when 
looking at biofilm formation as a reaction to environmental stress which increases 
with the stress level (Lopez et al., 2010). As the living conditions are better, the bio-
film matures faster. This has two effects: firstly, the proliferation of bacteria in the bio-
film is accompanied by the decrease in viability and secondly in the life cycle of a bio-
film the phase of maturation leads to a state of active detachment by Quorum Sens-
ing in order to colonize new habitats (Stoodley et al., 2001; Vlamakis et al., 2013). 
These two effects can be seen in the decreased viability and biofilm density when the 
environment changes from static to shaken incubation. The turbulence leads to a bet-
ter distribution of nutrients in the systems and thereby a faster maturation. As a con-

Glass 



Discussion 

95 
 

sequence of this, the detachment of biofilm parts is more pronounced; this is reflect-
ed in the decrease of biofilm density.  
Comparing the viability with the corresponding water content and biofilm density from 
all tested substrata shows that these characteristics do not correlate. The biofilm 
grown on the aluminum alloy coupons had the highest viability but the lowest density, 
whereas the highest biofilm mass per covered area was found for copper, which only 
showed diverging viability. The highest biofilm density was found on glass, corre-
sponding with the lowest water content and highest viability for this incubation condi-
tion. In the end it has to be noticed that the density also included dead cells and de-
bris, insoluble particles and other bioinorganic material adding to the weight. This 
implies that the biofilm density should not be regarded as an absolute value.  
It was possible to develop an in vitro biofilm setup, with repeatable characteristics 
and comparable features as in the in situ biofilm. With this setup the influence of dif-
ferent incubation conditions on the biofilm formation was tested. It was shown that 
the largest biofilm formation happened at 22 °C, which resembles the real situation 
closely. Also the influences of different substratum materials were tested, which can 
be summarized in the following:  

• Aluminum: the biofilm had the highest viability but covered only a small area 
due to toxicity 

• Copper: a large influence of temperature increase and turbulence was detect-
ed, due to increasing Cu2+ concentration caused by MIC 

• Stainless steel: small influence of different incubation conditions on the biofilm 
development, showing optimal growth conditions especially at 22 °C 

• Glass: strong influence of turbulence, inducing a decrease in viability and 
density suggesting a biofilm detachment 

Summarizing it was shown that the native conditions in MWF systems, with the as-
sumption of moderate conditions, a circular system and a stainless steel tank, are 
optimal growth conditions for biofilm development.  
 

MWF Biofilms can cause Biocorrosion 
One particularly adverse trait of biofilm associated bacteria in technical systems is 
the possibility of causing MIC. As MIC is deteriorating the metal of the tank, it was 
tested whether the bacteria isolated from the systems are able to corrode metals. 
The metals used as substratum included stainless steel 
(1.4571 X 6 CrNiMoTi 17 12 2), which is highly resistant against pitting corrosion, an 
AlMg3 alloy and non-alloy copper, which were both not corrosion resistant. The sur-
face roughness Sa of the stainless steel coupon showed only a slight increase, 
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whereas the surface roughness Sa doubled for the coupons made of the aluminum 
alloy and copper. It was shown that, even though the bacteria do not belong to sul-
fate reducing bacteria (SRB), they are responsible for pitting on the three different 
metal substrata stated above, most probably by their metabolisms and the thereby 
produced organic acids, which are also responsible for the pH decrease of the MWF. 
Comparing the results with the MIC caused by SRB on mild steel in solution of artifi-
cial sea water with pH 7.2, negligible MIC was found on stainless steel, whereas the 
biofilm formation on copper and aluminum alloy led to a low level of MIC. Fang et al. 
(2002) found that the biofilm formation of SRB on mild steel led to an increase in sur-
face roughness from 6 nm to 30 nm, which increased further if heavy metal ions were 
present in the solution due to increased biofilm formation. The comparably low level 
of MIC can be explained by the incubation conditions and the bacterial species. SRB 
are known to cause considerable levels of MIC (Beech and Sinner, 2004); further-
more the lower pH is also responsible for a more efficient environment in terms of 
MIC. MIC can occur in every situation if ubiquitous environmental bacteria are found 
in the presence of metal, nutrients, water and oxygen (Videla and Herrera, 2005). All 
these requirements are met in case of contaminated MWF. This is a further reason 
for making biofilm removal pivotal, as MIC can lead to leaky MWF tanks with the op-
tion of spilling MWF into the environment and to deterioration of the tubing system 
leading to machine destruction.  
 

Development of the Biofilm Assay 
One of the main reasons why microbial contaminations in MWF should be extin-
guished is the degradation of the MWF by the bacteria, making the MWF unusable. 
As biofilm associated bacteria show a different metabolism compared to planktonic 
bacteria, both types of cultures should be employed when testing MWF compounds. 
With these premises a biofilm assay was developed. 
Depending on the substrate, the biofilm associated bacteria were able to degrade 
compounds that were not degraded by the planktonic bacteria. In particular 
monoethanolamine (MEA), which serves as emulsifier and corrosion inhibitor, could 
be efficiently used as carbon source. The planktonic bacteria were not capable of 
proliferation with MEA as carbon and energy source. This is contrary to the findings 
Rabenstein et al. (2009), who found that in case of the degradation of mono-
ethanolamine, the degradation was more rapid when a mixed culture was used com-
pared to monocultures of the corresponding species with equal cell concentration, 
speaking for a synergistic effect of bacteria in MWF. The findings of Rabenstein et al. 
(2009) apply to the biofilm associated bacteria but not the planktonic bacteria.  
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The biofilm associated bacteria were capable of degrading almost every tested sub-
strate, with the highest degradation rates found for tergitol, monoethanolamine and 
oleyl alcohol. Di-tert-dodecylpolysulfid; 3-iodo-2-propynyl-N-butylcarbamate and 
tetramethylurea are degraded to a medium extent. Both biocides were degraded by 
the biofilm associated bacteria, though to different extents. This is in correspondence 
with literature, where different mechanisms are stated; e.g. enzymes degrading anti-
microbial are secreted into the EPS (Lewis, 2001) or the fast degradation of 
carbamate biocides by bacteria (Tien et al., 2013). Also the importance of using 
mixed species cultures became clear, as the highest degradation rates were most of 
the time detected for mixed species biofilms due to synergistic effects as it was al-
ready found for other system like drinking water system biofilms (Simoes et al., 
2007). The assay shows that the degradation of MWF compounds varies with the 
compounds giving information about the biostability of certain compounds. Two bio-
cides were tested, both show inhibiting effects on the growth of planktonic bacteria, 
but 3-iodo-2-propynyl-N-butylcarbamate was degraded to a higher extent than 2-
phenoxyethanol, concluding that 2-phenoxyethanol is more efficient against bacteria 
than 3-iodo-2-propynyl-N-butylcarbamate and should therefore be used preferentially. 
A similar conclusion was made by Foxall-Vanaken et al. (1986) recommending the 
avoidance of certain compounds in MWF formulation, especially fatty acid derivates 
and naphthenic compounds as these are readily degradable. The biofilm assay can 
therefore be used to efficiently test the biostability of MWF compounds and to adjust 
MWF formulation correspondingly. 
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Conclusions  
This work was carried out with the aim of understanding the process of contamination 
and characterizing biofilms in MWF systems. The following points represent the main 
findings of this work in a summarized form: 

• The biofilm represents the main source of re-contamination, the primary con-
tamination sources are the mixing water, the metal work-pieces and airborne 
microorganisms, therefore filters to inhibit the intrusion into the MWF tank and 
a sterilization of the mixing water are recommended. 
 

• Within 3 weeks after mechanical cleaning a mature biofilm developed again 
with Micrococcus sp. and Pseudomonas sp. being primary colonizers. 
 

• The composition and structure of biofilms in MWF systems is site and MWF-
type depended. 
 

• Large volume tanks represent biotopes for stable microbial communities with 
lower biodiversity. 
 

• No detectable contamination in the MWF does not imply no biofilm in the ma-
chine. 
 

• The complete machine is contaminated with biofilm, therefore cleaning the 
tank is not sufficient. 
 

• The biofilm harbors higher amounts of potential pathogens then the MWF. 
 

• The biofilm associated bacteria are able to cause biocorrosion. 
 

• Pseudomonas sp. and Bacillus sp. are recommended to be used as indicator 
microorganisms suitable for detection. 
 

• As a result of the in vitro setup it was shown that a stainless steel tank and 
moderate temperature with a low level of turbulence, this represents the real 
situation, are optimal conditions for biofilm development. 
 

• The developed biostability assay can be used to test different chemicals for 
their biostability properties with both biofilm associated bacteria and planktonic 
bacteria.  
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5 Abstract 
Microbial contamination in metal working fluids is a long known issue in fluid man-
agement with various effects. The microorganisms present pose a potential health 
hazards as pathogens are found frequently, they degrade the MWF, leading to mal-
function of the MWF and thereby of the machining process with according financial 
impact. The system MWF – Machine – Environment was analyzed minutely, so as to 
clarify the contamination process, showing that both the mixing water and the pro-
cessed metals are significant sources of contamination. The major sources of (re)-
contamination are biofilms in machines. Therefore biofilms in five machines at two 
industrial sites were investigated intensively. It was shown that biofilms in machines 
mature in 3-4 weeks with the primary colonizer being Micrococcus luteus and Pseu-
domonas sp.. The diversity of biofilms is mostly in congruence with the diversity in 
the MWF and depends strongly on the industrial site. One industrial site, which is 
next to a grain storage and mill, was predominantly contaminated by Gram positive 
bacteria, whereas the machines in a large sized industrial hall were contaminated by 
mostly Gram negative bacteria. Comparing the diversity of the biofilm associated 
bacteria with the planktonic biodiversity, showed a higher diversity in the biofilm, with 
a larger number of pathogens present, especially Mycobacterium immunogenum. 
The biofilm consisted of mostly environmental bacteria with a small number of highly 
adapted bacteria like Pseudomonas oleovorans and Bacillus methylotrophicus. Me-
chanical cleaning of the tank proved to be insufficient as the biofilm in the tubing sys-
tem still existed, leading to a recontamination of the system within two days. 
The isolated bacteria were used for investigating the biofilm in vitro. Different metals 
substrata showed only minor effects, whereas a temperature increase and turbulence 
lead to higher rates of biofilm formation. A further undesirable trait of these bacteria 
was their capability to cause biocorrosion on an aluminum alloy, copper and, to a low 
degree, stainless steel within one week. With the knowledge that the metabolism of 
biofilm associated bacteria differs from that of planktonic bacteria, a biofilm assay 
was established to test the degradability/biostability of MWF compounds and com-
pare this with planktonic cultures. Both single and mixed species cultures were used. 
It was shown that, the biofilm bacteria were capable of metabolizing six of seven 
compounds, with the highest growth rates found for the mixed species biofilms, 
whereas the planktonic cultures were most of the time not able to grow with the MWF 
compounds as sole carbon sources.  
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6 Zusammenfassung 
Mikrobielle Kontamination von Kühlschmierstoffen (KSS) ist ein seit langem bekann-
tes Problem mit unterschiedlichen Auswirkungen sowohl auf die Gesundheit der Ar-
beiter als auch auf die Produktion durch den Funktionsverlust des KSS. Das System 
KSS – Maschine – Umwelt wurde genau analysiert, um mögliche Kontaminationswe-
ge aufzuklären. Sowohl die Mikroorganismen im Ansetzwasser als auch auf den zu 
bearbeitenden Metallen stellen signifikante Kontaminationsquellen dar. Eine weitere 
bedeutende Quelle sind Biofilme in den Maschinen. Es wurden fünf Maschinen an 
zwei Standorten unterschiedlicher Größe intensiv untersucht. Es zeigte sich, dass als 
Primärbesiedler Micrococcus luteus und Pseudomonas sp. auftreten und die Reifung 
des Biofilms 3-4 Wochen dauert. Die mikrobiellen Diversitäten des Biofilms und des 
KSS stimmen größtenteils überein und sind Standort abhängig. Die Maschinen am 
kleinen Standort, der sich neben einem Getreidelager und einer Mühle befindet, wa-
ren überwiegend mit Gram positiven Bakterien kontaminiert, wohingegen die Ma-
schinen in einer großen industriellen Werkhalle hauptsächlich von Gram negativen 
Bakterien kontaminiert waren. Beim Vergleich der Diversitäten der Biofilm assoziier-
ten Bakterien mit der planktonischer Bakterien zeigte sich eine höhere Diversität in-
nerhalb des Biofilms, insbesondere an pathogenen Keimen, wie z. B. Mycobacterium 
immunogenum. Generell fanden sich hauptsächlich Umweltkeime und eine kleine 
Anzahl an hoch spezialisierten Bakterien wie Pseudomonas oleovorans und Bacillus 
methylotrophicus im Biofilm. Eine mechanische Reinigung des Tanks erwies sich als 
nicht ausreichend, da in den Leitungen noch Biofilm existiert, der das System wieder 
kontaminiert und innerhalb von zwei Tagen zu einem nachweisbaren Biofilm führt.  
Die isolierten Bakterien wurden verwendet, um in vitro KSS-Biofilme genauer zu un-
tersuchen. Die Verwendung von verschiedenen Metallsubstrata hatte nur geringen 
Einfluss, während eine Temperatur Erhöhung und Turbulenz zu höherem Biofilm-
wachstum führten. Eine weitere unerwünschte Eigenschaft dieser Bakterien ist ihre 
Fähigkeit Biokorrosion zu erzeugen, so veränderten sie die Oberfläche einer Alumi-
niumlegierung, Kupfer und zu einem geringen Teil auch von Edelstahl innerhalb einer 
Woche. Da der Metabolismus von Biofilm assoziierten Bakterien anders ist als von 
planktonischen Bakterien, wurde ein Biofilm Assay entwickelt, um die Abbaubar-
keit/Biostabilität von KSS Bestandteilen zu untersuchen und diese mit ihrer Abbau-
barkeit in planktonischer Kultur zu vergleichen. Es zeigte sich, dass die Biofilm Bak-
terien 6 von 7 untersuchten KSS Komponente abbauen können, wohingegen die 
planktonischen Kulturen meist nicht in der Lage waren die KSS Bestandteile zu ver-
stoffwechseln.  
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10 Appendix 
 

Table 10-1
 

: Published bioburden in CFU/ml or cells/ml detected in different MWFs 

Year Bacterial load 
[cells/ml] or [CFU/ml] 

Isolation and 
Detection 

Sort of       
lubricant Authors 

1986 Up to 109 plating, biochemi-
cal tests water miscible Foxall-Vanaken et al. 

(1986)  
1988 7.8 x 1010 Plating water miscible Cook&Gaylarde (1988)  

1989 >108 Plating, biochemi-
cal reactions 

water miscible, 
mineral oil, 
synthetic 

Mattsby-Baltzer et al. 
(1989)  

1999 3.8 x 107 Plating, biochemi-
cal reactions water miscible Laitinen et al. (1999)  

2001 8.1 x 107 
Plating, fatty acid 
methyl ester analy-
sis, microscopy 

water miscible van der Gast et al. 
(2001)  

2002 1.2 x 107 Plating water miscible Simpson, A. T. et al. 
(2003)  

2003 4.5 x 104 Plating, qPCR water miscible Khan, I. U. H. & Yadav, 
J. S. (2004)  

2005 >107 Plating water miscible Dilger et al. 2005  

2009 106-107 Plating water miscible Rabenstein, A. et al. 
(2009)  

2009 9.2 x 107 cells/ml; 
3.1 x 107 CFU/ml 

Plating, PCR, se-
quencing water miscible Gilbert, Y. et al. (2010)  

2010 5.1 x 108 cells/ml; 
1.4 x 108 CFU/ml 16S rRNA water miscible Perkins, S. D. and 

Angenent, L. T. (2010)  

2012 4.2 x 106 (Pseu-
domonas) 

FISH, Pseudomo-
nas probe water miscible Saha, R. et al. (2012c)  

2012 1.6 x 108 Plating, PCR water miscible Lodders, N. & Kämpfer 
P. (2012)  

2013 2 x 108 Plating water miscible Trafny, E. A. et al. 
(2013a)  
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Table 10-2

 

: Summary of microorganisms, isolated from liquid MWF, published in peer reviewed jour-
nals 

Species  Reference 
Achromobacter sp. Dilger et al. (2005) 
Achromobacter xylosoxidans Rabenstein, A. et al. (2009) 
Acidovorax sp. Gilbert, Y. et al. (2010)  
Acinetobacter calcoaceticus Foxall-Vanaken, S. et al. (1986); Taylor, G. T. (2001) 
Acinetobacter haemolyticus Foxall-Vanaken, S. et al. (1986); Dilger et al. (2005) 
Acinetobacter johnsonii van der Gast, C.J et al. (2001) 
Acinetobacter lwoffii Gilbert, Y. et al. (2010)  

Acinetobacter sp. Mattsby-Baltzer, I. et al. (1989); Lodders, N.& Kämp-
fer, P. (2012); Perkins, S. D. & Angenent, L. T. (2010) 

Acremonium sp.  Laitinen, S. et al. (1999) 
Actinobacillus liginieresii van der Gast, C.J et al. (2001) 
Aerococcus viridians Mattsby-Baltzer, I. et al. (1989); Dilger et al. (2005) 
Aeromonas caviae Dilger et al. (2005) 
Aeromonas veronii Lodders, N.& Kämpfer, P. (2012) 
Aerosphera sp. Lodders, N.& Kämpfer, P. (2012) 
Alcaligenes denitrifans Foxall-Vanaken, S. et al. (1986) 

Alcaligenes faecalis Mattsby-Baltzer, I. et al. (1989); Perkins, S. D. & An-
genent, L. T. (2010); Dilger et al. (2005) 

Alcaligenes xylosoxydans Taylor, G. T. (2001); van der Gast, C. J.et al. (2002) 
Aspergillus sp. Laitinen, S. et al. (1999) 
Atopostipes sp. Lodders, N.& Kämpfer, P. (2012) 
Bacillus pumilus Taylor, G. T. (2001); Gilbert, Y. et al. (2010)  

Bacillus sp. Mattsby-Baltzer, I. et al. (1989); Dilger et al. (2005); 
Lodders, N.& Kämpfer, P. (2012) 

Bordetella bronchiseptica van der Gast, C.J et al. (2001) 

Bordetella trematum Perkins, S. D. & Angenent, L. T. (2010); Lodders, N.& 
Kämpfer, P. (2012) 

Brevibacterium sp. Dilger et al. (2005) 

Brevundimonas diminuta 
Rabenstein, A. et al. (2009); Gilbert, Y. et al. (2010); 
Perkins, S. D. & Angenent, L. T. (2010); Lodders, N.& 
Kämpfer, P. (2012) 

Brevundimonas sp. Trafny, E. A. et al. (2013 a,b) 
Burkholderia sp. Laitinen, S. et al. (1999) 
Burkholderia vietnamiensis Taylor, G. T. (2001) 
Cellulosimicrobium sp. Lodders, N.& Kämpfer, P. (2012) 
Chromobacterium violaceum Dilger et al. (2005) 
Citrobacter sp. Laitinen, S. et al. (1999); Trafny, E. A. et al. (2013a,b) 
Citrobacter amalonaticus Perkins, S. D. & Angenent, L. T. (2010) 
Citrobacter diversus Mattsby-Baltzer, I. et al. (1989) 

Citrobacter farmeri Gilbert, Y. et al. (2010);                                     Lod-
ders, N.& Kämpfer, P. (2012) 

Citrobacter freundii 
Mattsby-Baltzer, I. et al. (1989); van der Gast, C.J et 
al. (2001); Gilbert, Y. et al. (2010) Lodders, N.& Kämp-
fer, P. (2012) 
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Citrobacter koseri Dilger et al. (2005) 
Clavibacter michiganensis van der Gast, C. J.et al. (2002) 
Clostridium sp. Lodders, N.& Kämpfer, P. (2012) 
Comamonas acidovorans Laitinen, S. et al. (1999) 
Comamonas aquatica Gilbert, Y. et al. (2010)  
Comamonas sp. Lodders, N.& Kämpfer, P. (2012) 

Comamonas testosteroni Laitinen, S. et al. (1999); Dilger et al. (2005); Rabens-
tein, A. et al. (2009); Gilbert, Y. et al. (2010) 

Corynebacterium lubricantis  Lodders, N.& Kämpfer, P. (2012) 
Corynebacterium sp. Mattsby-Baltzer, I. et al. (1989); Gilbert, Y. et al. (2010) 
Corynebacterium xerosis Perkins, S. D. & Angenent, L. T. (2010) 
Curtobacterium sp. Lodders, N.& Kämpfer, P. (2012) 
Curtobacterium flaccumfaciens van der Gast, C. J.et al. (2002) 
Desemzia sp. Lodders, N.& Kämpfer, P. (2012) 
Enterobacter agglomerans Mattsby-Baltzer, I. et al. (1989) 
Enterobacter sp. Trafny, E. A. et al. (2013a,b) 
Enterococcus avium Dilger et al. (2005) 
Enterococcus faecium van der Gast, C. J.et al. (2002) 
Escherichia coli Mattsby-Baltzer, I. et al. (1989) 
Flavobacterium odoratum Mattsby-Baltzer, I. et al. (1989) 
Fusarium sp. Mattsby-Baltzer, I. et al. (1989); Gilbert, Y. et al. (2010)  
Geotrichum sp. Laitinen, S. et al. (1999) 
Gliomastix sp. Laitinen, S. et al. (1999) 
Gulosibacter sp. Lodders, N.& Kämpfer, P. (2012) 
Janthinobacterium lividum  Gilbert, Y. et al. (2010)  
Klebsiella sp. Laitinen, S. et al. (1999) 
Klebsiella oxytoca Mattsby-Baltzer, I. et al. (1989) 
Klebsiella pneumoniae Mattsby-Baltzer, I. et al. (1989) 
Kocuria rosea Trafny, E. A. et al. (2013a,b) 
Leucobacter sp. Lodders, N.& Kämpfer, P. (2012) 
Macrococcus caseolyticus Taylor, G. T. (2001) 
Methylobacterium mesophilicum van der Gast, C. J.et al. (2002) 
Methylobacterium radiotolerans van der Gast, C. J.et al. (2002) 
Microbacterium arborescens Gilbert, Y. et al. (2010)  
Microbacterium sp. Lodders, N.& Kämpfer, P. (2012) 

Micrococcus luteus Dilger et al. (2005); Lodders, N.& Kämpfer, P. (2012); 
Trafny, E. A. et al. (2013a,b) 

Moraxella catarrhalis Dilger et al. (2005) 
Moraxella osloensis Lodders, N.& Kämpfer, P. (2012) 
Moraxella sp. Dilger et al. (2005) 

Morganella morganii 
Mattsby-Baltzer, I. et al. (1989); Dilger et al. (2005); 
Gilbert, Y. et al. (2010); Perkins, S. D. & Angenent, L. 
T. (2010) 

Mycobacteria Khan, I. U. H.; Yadav, J. S. (2004) 
Mycobacterium chelonae Perkins, S. D. & Angenent, L. T. (2010) 

Mycobacterium immunogenum Gilbert, Y. et al. (2010); Perkins, S. D. & Angenent, L. 
T. (2010); Lodders, N.& Kämpfer, P. (2012) 
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Myroides odoratus Gilbert, Y. et al. (2010); Lodders, N.& Kämpfer, P. 
(2012) 

Neisseria mucosa van der Gast, C.J et al. (2001) 

Ochrobactrum anthropi 
Laitinen, S. et al. (1999); Taylor, G. T. (2001); Gilbert, 
Y. et al. (2010); Perkins, S. D. & Angenent, L. T. 
(2010) 

Oligella urethralis Dilger et al. (2005) 
Paenibacillus illinoisensis Gilbert, Y. et al. (2010)  
Pantoea agglomerans van der Gast, C.J et al. (2001) 
Pedobacter sp. Lodders, N.& Kämpfer, P. (2012) 
Penicillium sp. Laitinen, S. et al. (1999) 
Proteus vulgaris Mattsby-Baltzer, I. et al. (1989) 

Pseudomonas spp.  

Laitinen, S. et al. (1999); Taylor, G. T. (2001); Khan, I. 
U. H.; Yadav, J. S. (2004); Dilger et al. (2005); Ra-
benstein, A. et al. (2009); Perkins, S. D. & Angenent, 
L. T. (2010); Trafny, E. A. et al. (2013a,b) 

Pseudomonas aeruginosa Taylor, G. T. (2001); van der Gast, C.J et al. (2001); 
Dilger et al. (2005) 

Pseudomonas alcaligenes Foxall-Vanaken, S. et al. (1986); Mattsby-Baltzer, I. et 
al. (1989); van der Gast, C.J et al. (2001) 

Pseudomonas cepacia Foxall-Vanaken, S. et al. (1986) 
Pseudomonas fluorescens Rabenstein, A. et al. (2009); Gilbert, Y. et al. (2010)  
Pseudomonas fulva Taylor, G. T. (2001) 
Pseudomonas marginalis Taylor, G. T. (2001) 

Pseudomonas mendocina 
van der Gast, C.J et al. (2001); Rabenstein, A. et al. 
(2009); Gilbert, Y. et al. (2010); Lodders, N.& Kämpfer, 
P. (2012) 

Pseudomonas pseudoalcaligenes 
van der Gast, C.J et al. (2001); Dilger et al. (2005); 
Rabenstein, A. et al. (2009); Gilbert, Y. et al. (2010); 
Lodders, N.& Kämpfer, P. (2012) 

Pseudomonas putida Foxall-Vanaken, S. et al. (1986); Taylor, G. T. (2001); 
Dilger et al. (2005); Gilbert, Y. et al. (2010)  

Pseudomonas putrefaciens Foxall-Vanaken, S. et al. (1986) 
Pseudomonas saccharophila van der Gast, C. J.et al. (2002) 

Pseudomonas stutzeri 
Foxall-Vanaken, S. et al. (1986); Mattsby-Baltzer, I. et 
al. (1989); van der Gast, C.J et al. (2001); Dilger et al. 
(2005); Gilbert, Y. et al. (2010)  

Pseudoochrobactrum                     
asaccharolyticum Perkins, S. D. & Angenent, L. T. (2010) 

Pseudoochrobactrum lubricantis  Lodders, N.& Kämpfer, P. (2012) 
Pseudoxanthomonas sp. Lodders, N.& Kämpfer, P. (2012) 
Psychrobacter pulmonis Gilbert, Y. et al. (2010)  
Ralstonia sp. Lodders, N.& Kämpfer, P. (2012) 
Ralstonia pickettii van der Gast, C. J.et al. (2002) 
Rheinheimera perlucida Gilbert, Y. et al. (2010)  
Rhodococcus erythropolis van der Gast, C. J.et al. (2002) 
Rhodococcus fascians Taylor, G. T. (2001) 
Rothia dentocariosa Taylor, G. T. (2001) 
Salmonella spp. Dilger et al. (2005) 
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Salmonella typhi van der Gast, C.J et al. (2001) 

Serratia sp. Mattsby-Baltzer, I. et al. (1989); Lodders, N.& Kämp-
fer, P. (2012) 

Shewanella putrefaciens 
Mattsby-Baltzer, I. et al. (1989); Dilger et al. (2005); 
Gilbert, Y. et al. (2010); Lodders, N.& Kämpfer, P. 
(2012) 

Shewanella sp. Trafny, E. A. et al. (2013a,b) 
Sphingomonas sp. Lodders, N.& Kämpfer, P. (2012) 
Staphylococcus aureus Dilger et al. (2005) 

Staphylococcus epidermis Taylor, G. T. (2001); Perkins, S. D. & Angenent, L. T. 
(2010) 

Staphylococcus sp. Mattsby-Baltzer, I. et al. (1989); Laitinen, S. et al. 
(1999); Taylor, G. T. (2001); Gilbert, Y. et al. (2010)  

Stenotrophomonas sp. Dilger et al. (2005); Trafny, E. A. et al. (2013a,b) 
Streptobacillus spp. Taylor, G. T. (2001) 
Streptococcus uberis Dilger et al. (2005) 
Streptococcus sp. Mattsby-Baltzer, I. et al. (1989) 
Tessaracoccus lubricantis Lodders, N.& Kämpfer, P. (2012) 
Trichococcus sp. Lodders, N.& Kämpfer, P. (2012) 
Variovorax sp. Lodders, N.& Kämpfer, P. (2012) 

Wautersiella sp. Perkins, S. D. & Angenent, L. T. (2010); Lodders, N.& 
Kämpfer, P. (2012) 

 
 

 

Figure 10-1: 16S Consensus Sequence 
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Figure 10-2: Alignment of 16S rDNA product (size: 940 bp) and the consensus sequence 
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Table 10-3

Machine 

:  Summary of all identified isolates from the five MWFs in examination. Species identifica-
tion is based on the microscopic phenotype, Gram characteristics and the sequence of 
the 16S rDNA PCR Fragment. The length of the fragment is given in base pairs and the 
similarity to 16S rDNA genes found in NCBI collections in %. If not stated, the identifica-
tion was based on macroscopic and microscopic characterization and staining behavior. 

Gram Species Fragment 
length [bp] 

Ident 
[%] 

SS-M1 - Acinetobacter lwoffii 879 99 
PS-M3 + Arthrobacter sp. 867 93 
PS-M2, PS-M3 + Bacillus amyloliquefaciens 888 99 
SS-M1 + Bacillus benzoevorans 704 99 
SS-M1 + Bacillus cereus 1191 99 
PS-M3 + Bacillus firmus 455 99 
PS-M1-3 + Bacillus methylotrophicus 1040 99 
SS-M1, PS-M3 + Bacillus pumilus 879 99 
SS-M2 + Bacillus subtilis 310 99 
SS-M1, PS-M3 + Bacillus thuringiensis 816 99 
SS-M1 - Brevundimonas vesicularis 825 99 
SS-M1 - Methylobacterium sp. 750 98 
SS-M1, SS-M2, PS-
M3 

+ Micrococcus luteus 899 99 

SS-M1 + Mycobacterium sp. 853 99 
SS-M1 + Paenibacillus sp. 115 82 
PS-M2 - Pseudomonas alcaligenes 585 100 
PS-M1, PS-M3 - Pseudomonas oleovorans 910 99 

PS-M1-3 - Pseudomonas 
pseudoalcaligenes 820 99 

SS-M1 - Pseudomonas stutzeri 882 99 
SS-M2 n/a Rhodoturola rubra Auxanogram 
PS-M3 - Shigella sonnei 719 99 
SS-M1, SS-M2 + Staphylococcus epidermidis 901 99 
SS-M1 + Staphylococcus hominis 902 99 
SS-M1 + Virgibacillus halotolerans 839 99 
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Table 10-4

SS-M1 

:  Isolated and identified airborne microorganisms, isolated from the area around machine  
SS-M1 and SS-M2, species identification is based on the microscopic phenotype, Gram 
characteristics and the sequence of the 16S rDNA PCR Fragment. The length of the 
fragment is given in base pairs and the similarity to 16S rDNA genes found in NCBI col-
lections in %. If not stated, the identification was based on macroscopic and microscopic 
characterization and staining behavior. 

Gram Species Fragment 
length 

 

Ident 
[%] 

Iso 1 + Staphylococcus epidermis 888 99 
Iso 2 + Micrococcus luteus 860 99 

Iso 3 var Middle sized rods, yellowish, transparent colo-
nies   

Iso 4  Mold   

Iso 5 + Middle sized rods, yellowish, transparent colo-
nies   

Iso 6 + Bacillus thuringensis/cereus 855 99 
Iso 7 + Arthrobacter sp. 854 98 
Iso 8 + Cocci, singular, red bright colonies   
Iso 9 - Pseudomonas libanensis/cedrina 887 99 
Iso 10 + Plantibacter flavus 858 99 
Iso 11 + Curtobacterium sp. 184 94 
Iso 12  Mold (green conidia)   
Iso 13 - Massilia sp. 418 98 

SS-M2 Gram Species Fragment 
length 

 

Ident 
[%] 

Iso 1 + Psychrobacter faecalis 884 99 
Iso 2 + Micrococcus luteus 868 99 
Iso 3 + Streptomyces sp.   
Iso 4  White mold   
Iso 5 + Bacillus megaterium 906 99 
Iso 6 + Bacillus cereus 855 99 
Iso 7 + Micrococcus luteus 860 99 
Iso 8 + Bacillus pumilus 832 99 
Iso 9 + Staphylococcus sp. 857 99 
Iso 10 - Arthrobacter sp. 690 98 
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Table 10-5

PS-M1 

:  Isolated and identified airborne microorganisms, isolated from the area around machines 
PS-M1, PS-M2 and PS-M3, the species identification is based on the microscopic phe-
notype, Gram characteristics and the sequence of the 16S rDNA PCR Fragment. The 
length of the fragment is given in base pairs and the similarity to 16S rDNA genes found 
in NCBI collections in %. If not stated, the identification was based on macroscopic and 
microscopic characterization and staining behavior. 

Gram Species Fragment 
length [bp] 

Ident 
[%] 

Isolate 1 + Bacillus sp. Microscopy  
Isolate 2 + Acinetobacter johnsonii 864 99 
Isolate 3  black mold Microscopy  
Isolate 4 var Bacillus thuringiensis 896 99 
Isolate 5 - Enhydrobacter aerosaccus 870 99 
Isolate 6 + Staphylococcus epidermis 890 99 
Isolate 7  Candida sp. Auxanogram 
Isolate 8 + Micrococcus luteus 871 100 
Isolate 9 - Acinetobacter lwoffii 690 99 
Isolate 10 + Staphylococcus warneri 427 99 
Isolate 11 + Staphylococcus epidermis 798 99 
Isolate 12 - Pseudomonas putida 870 99 
Isolate 13 + Staphylococcus cohnii 823 99 
Isolate 14 - Brevundimonas vescularis 841 99 
Isolate 15 - Paracoccus yeei 818 99 

PS-M2 Gram Species Fragment 
length [bp] 

Ident 
[%] 

Isolate 1 var Staphylococcus sp. 1078 97 
Isolate 2 + Micrococcus luteus 862 100 
Isolate 3 - Enhydrobacter aerosaccus 870 99 
Isolate 4 - Enhydrobacter aerosaccus 875 99 
Isolate 5  Penicillium sp. Microscopy  
Isolate 6 + Paenibacillus xylanexedens 768 99 
Isolate 7 + Arthrobacter agliis 869 99 
Isolate 8 - Paracoccus yeei 134 99 
Isolate 9  Candida famata Auxanogramm  
Isolate 10 + Acinetobacter sp. 445 93 
Isolate 11 + Bacillus megaterium 891 100 
Isolate 12  black mold with green conidia Microscopy  
Isolate 13 - Staphylococcus auricularis 595 100 
Isolate 14 + Streptomyces sp. Microscopy  
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PS-M3 Gram Species Fragment 
length [bp] 

Ident 
[%] 

Isolate 1 + Micrococcus sp. Microscopy  
Isolate 2 + Staphylococcus sp.  334 99 
Isolate 3 var Micrococcus sp. Microscopy  
Isolate 4 + Staphylococcus hominis 902 99 
Isolate 5 - Psychrobacter sp. 875 93 
Isolate 6 + Staphylococcus hominis 905 99 
Isolate 7 - Paracoccus yeei 818 99 
Isolate 8 + Micrococcus sp. Microscopy  
Isolate 9  black mold Microscopy  
Isolate 10  grey mold Microscopy  
Isolate 11 - Enhydrobacter aerosaccus 875 99 
Isolate 12  black mold Microscopy  
Isolate 13  yellowish mold Microscopy  
Isolate 14  beige mold Microscopy  
Isolate 15 + Bacillus sp. Microscopy  
 
 
 

Table 10-6

Water analysis 

:  Identified isolates from the preparation water of MWF used in small work hall. The spe-
cies identification is based on the microscopic phenotype, Gram characteristics and the 
sequence of the 16S rDNA PCR Fragment. The length of the fragment is given in base 
pairs and the similarity to 16S rDNA genes found in NCBI collections in % 

Species Fragment length 
[bp] 

Ident 
[%] 

Small work hall 
Isolate 1 Sphingomonas sp. 565 98 
Isolate 2 Staphylococcus warneri 887 99 

Isolate 3 Brevibacterium 
frigoritolerans 876 99 

Large work hall 
Isolate 1 Burkholderia sp. 301 99 
Isolate 2 Pseudomonas fluorescens 881 99 
Isolate 3 Ralstonia pickettii 878 100 
Isolate 4 Sphingomonas sp. 844 99 
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Table 10-7

Metal 

:  Microorganisms isolated from contact plates taken from unprocessed and processed 
metals, the species identification is based on the microscopic phenotype, Gram charac-
teristics and the sequence of the 16S rDNA PCR Fragment. The length of the fragment 
is given in base pairs and the similarity to 16S rDNA genes found in NCBI collections in 
%. If not stated the identification was based on macroscopic and microscopic characteri-
zation and staining behavior. “Alu” is short for aluminum alloy;  

Gram Name Fragment 
length 

 

Ident 
(%) 

Before processing 

Alu  

Isolate 1 Var Bacillus sp. Microscopy 

Isolate 2 + Brevibacterium 
frigoritolerans 878 99 

Isolate 3 Var Micrococcus luteus 828 99 
Brass   No growth detectable   
Copper   Mold   

Stainless 
steel 

Isolate 1 Var Bacillus thuringiensis 834 99 

Isolate 2 Var Brevibacterium 
frigoritolerans 885 99 

Isolate 3 + Micrococcus luteus 864 99 
Isolate 4 + Bacillus simplex 833 100 
Isolate 5 Var Bacillus firmus 591 99 
Isolate 6 + Solibacillus silvestris 891 99 
Isolate 7 - Paenibacillus sp. 903 97 
Isolate 8 + Streptomyces sp. Microscopy 

After processing 
Processed            
Stainless steel  No growth detectable   
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Table 10-8

 

:  Description and identification of bacterial colonies after direct culturing on TSA for ten 
days at RT, the species identification is based on the microscopic phenotype, Gram 
characteristics and the sequence of the 16S rDNA PCR Fragment. The length of the 
fragment is given in base pairs and the similarity to 16S rDNA genes found in NCBI col-
lections in %. If not stated, the identification was based on macroscopic and microscopic 
characterization and staining behavior. 

Species Fragment 
length [bp] 

Ident 
[%] 

1st set of  Aspergillus sp. Microscopy  Coupons Bacillus sp. Microscopy  removed after   Candida famata Auxanogram  4 weeks Ralstonia insidiosa 729 100 

 Ralstonia pickettii 834 99 

 Staphylococcus epidermis 660 100 

 Staphylococcus warneri 729 99 
2nd set of  Arthrobacter chlorophenolicus 529 99 
Coupons Aureobasidium pullulans Microscopy  removed after Bacillus coagulans 903 99 
8 weeks Bacillus licheniformis 451 100 

 Bacillus methylotrophicus 587 99 

 Bacillus subtilis 835 99 

 Microbacterium 
 

574 95 

 Staphylococcus saprophyticus 843 99 

 Stapylococcus hominis 521 99 
3rd set of  Bacillus atrophaeus 866 99 
Coupons Bacillus circulans 900 99 
removed after Bacillus licheniformis 505 100 
12 weeks Bacillus methylotrophicus 902 99 

 Bacillus subtilis 649 100 

 Methylobacterium chloromethanicum 732 99 

 Micrococcus luteus 871 100 

 Moraxella osloensis 875 99 

 Mycobacterium immunogenum 853 99 

 Staphylococcus caprae 900 100 

 Staphylococcus capitis 753 100 

 Staphylococus hominis 734 99 
4th set of cou- Micrococcus luteus 870 100 
pons removed 
after 16 weeks Pseudomonas sp. 300 99 

5th set of  Arthrobacter agilis 875 99 
Coupons Bacillus methylotrophicus 886 99 
removed after Bacillus pumilus 893 99 
20 weeks Methlyobacterium chloromethanicum 829 100 

 Micrococcus luteus 863 99 

 Paracoccus yeei 545 99 

 Staphylococcus epidermis 907 99 
6th set of  Bacillus sp. Microscopy  
Coupons Micrococcus luteus Microscopy   
removed after  Mycobacterium immunogenum 853 99 
24 weeks Staphylococcus warneri 893 99 
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Table 10-9

Sort of 

:  Summary of all biofilm isolates from the 1st set of coupons depending on the sort of plas-
tic used 

Plastic Isolate Sort of   
plastic Isolate 

Thick PU foil Bacillus sp. PU adhesive Ralstonia pickettii 

 Staphylococcus warneri  Aspergillus sp. 

 Staphylococcus epidermis  Staphylococcus sp. 
 Ralstonia pickettii  Bacillus sp. 
 Aspergillus sp. PE foil Staphylococcus warneri 
Thin PU foil Ralstonia pickettii  Staphylococcus epidermis 
 Ralstonia insidiosa  Bacillus sp. 
 Candida famata  Ralstonia pickettii 
 Staphylococcus warneri  Candida famata 
 Bacillus sp. Parafilm Ralstonia insidiosa 
 White mold  Ralstonia pickettii 
Slime Staphylococcus sp.  Staphylococcus epidermis 
 Bacillus sp.  Staphylococcus warneri 
 

Table 10-10

Sampling point 

:  Identified isolates from cleaning the MWF tank of machine SS-M1 during MWF ex-
change, the species identification is based on the microscopic phenotype, Gram charac-
teristics and the sequence of the 16S rDNA PCR Fragment. The length of the fragment 
is given in base pairs and the similarity to 16S rDNA genes found in NCBI collections in 
%. If not stated the identification was based on macroscopic and microscopic characteri-
zation and staining behavior. 

Species fragment 
length [bp] 

Ident 
[%] 

Tank surface Bacillus cereus 898 99 

 Bacillus megaterium 890 99 

 
Pseudomonas libanensis 
/cedrina 877 99 

Pump Micrococcus sp. Microscopy  
 Staphylococcus warneri 892 99 

 
Pseudomonas libanensis 
/cedrina 890 99 

MWF nozzle to the work-
piece Bacillus sp. Microscopy  

 Micrococcus sp. Microscopy  
 Staphylococcus warneri 893 100 
Different points inside the 
tank Bacillus subtilis 884 99 

 Bacillus megaterium 902 99 

 Bacillus licheniformis 897 99 

 Bacillus cereus 81 99 

 Bacillus pumilus 885 99 

 Mycobacterium sp. 853 99 

 Staphylococcus warneri 622 100 
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Table 10-11

Sampling 
time after 
MWF 
refill 

:  Results from the second set of biofilm experiment with short sampling intervals. Both the 
biofilm and the MWF were sampled on the listed sampling dates. Species identification is 
based on the macroscopic and the microscopic phenotype, Gram characteristics and the 
sequence of the 16S rDNA PCR Fragment. The length of the fragment is given in base 
pairs and the similarity to 16S rDNA genes found in NCBI collections in Ident %. If not 
stated the identification was based on macroscopic and microscopic characterization and 
staining behavior. 

Biofilm analysis MWF Analysis 

Species 
Fragment 
length 
[bp] 

Ident 
[%] Species 

Fragment 
length 
[bp] 

Ident 
[%] 

day 2 Bacillus pumilus 754 100    
 Bacillus thuringiensis 758 100    
 Micrococcus luteus 808 99    
 Mycobacterium sp. 853 99    
 Oceanobacillus sp. 896 97    
day 4 Micrococcus luteus 868 99 Bacillus pumilus 879 100 

 
Staphylococcus           
epidermidis 872 99 Methylobacterium sp. 750 98 

 
Staphylococcus  
warneri 899 99 Micrococcus luteus 899 99 

 Virgibacillus sp. 894 95 Pseudomonas stutzeri 882 99 

    
Staphylococcus        
epidermidis 836 99 

day 7 Micrococcus luteus 868 99 Acinetobacter lwoffii 879 99 

 Oceanobacillus sp. 900 97 Micrococcus sp. Microscopy 

 Pseudomonas stutzeri 876 100    
 Rothia amarae 868 99    

 
Staphylococcus  
warneri 878 100    

day 9 Micrococcus 
endophyticus 868 99 Micrococcus sp. Microscopy 

 Micrococcus luteus 868 99    
 Rothia amarae 867 99    

 
Staphylococcus          
epidermidis 902 99    

 Streptomyces sp. Microscopy    
day 11 Bacillus muralis 889 99    
 Bacillus subtilis 886 100    
 Micrococcus luteus 862 99    
 Psychrobacter faecalis 881 99    

 
Staphylococcus       
epidermis 887 100    

 Staphylococcus warneri 900 99    
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Sampling 
time after 

 
 

Biofilm analysis MWF Analysis 

MWF 
refill Species 

Fragment 
length 
[bp] 

Ident 
[%] Species 

Fragment 
length 
[bp] 

Ident 
[%] 

day 14 Bacillus atropheus 882 100    
 Bacillus pumilus 879 99    

 
Lysinibacillus 
boronitolerans 881 99    

 Micrococcus luteus 858 99    
 Oceanobacillus sp. 879 97    
 Staphylococcus warneri 895 99    
day 17 Micrococcus luteus 859 99    

 
Oceanobacillus            
indicireducens 888 99    

day 19 Micrococcus 
endophyticus 544 99    

 Micrococcus sp. Microscopy    
 Staphylococcus sp. Microscopy    
day 22 Bacillus pumilus 832 99    
day 25 Brevundimonas           

vesicularis 825 99 Micrococcus sp. Microscopy 

 
Micrococcus 
endophyticus 862 99 Mycobacterium sp. Microscopy 

 
Staphylococcus       
epidermis 893 100 Staphylococcus epi-

dermis 846 100 

 
Staphylococcus 
equorum 829 99    

 Staphylococcus hominis 893 99    
day 28 Bacillus sp. 186 100 Mycobacterium sp.   
 Staphylococcus sp. 600 76 Gram variable small rod   
day 30 Bacillus pumilus 891 99 Bacillus sp. 689 95 

 
Oceanobacillus            
indicireducens 888 99 Micrococcus sp. Microscopy 

 
Pseudomonas              
xanthomarina 873 100    

 
Staphylococcus epi-
dermis 891 99    

day 32 Staphylococcus hominis 899 99 Staphylococcus hominis 902 99 

 Bacillus cereus 818 100    
day 35 Rothia amarae 885 99 Bacillus thuringiensis 816 100 

 Bacillus pumilus 884 99 Gram variable small rod    
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Table 10-12

SS-M1 

:  List of isolated biofilm associated microorganisms from the MWF systems of industrial site 1. Species are characterized by microscopic and 
macroscopic properties and by their 16S rDNA sequence. Ident states the percentage of similarity with a given species in a 16S rDNA library, bp 
states the fragment length used for alignment. RG states the risk group for microorgansims classification in accordance to the WHO and the 
German “technische Regeln für biologische Arbeitstoffe TRBA 466” 

Species 
Ident 
[%] 

Bp RG Species 
Ident 
[%] 

bp RG Species 
Ident 
[%] 

bp RG 

Arthrobacter agilis 99 875 1 Lysinibacillus             
boronitolerans 99 881 1 Psychrobacter faecalis 99 881 1 

Arthrobacter               
chlorophenolicus 

99 529 1 Methlyobacterium        
chloromethanicum 100 829 1 Ralstonia insidiosa 100 729 1 

Bacillus atropheus 100 882 1 Methylobacterium 
populi 99 732 1 Ralstonia pickettii 99 834 2 

Bacillus cereus 100 818 2 Microbacterium sp. 95 574 1 Rothia amarae 99 868 1 

Bacillus circulans 99 900 1 Micrococcus 
endophyticus 99 868 1 Staphylococcus               

epidermidis 99 902 2 

Bacillus coagulans 99 903 1 Micrococcus luteus 100 860 1 Staphylococcus            
warneri 99 899 1 

Bacillus licheniformis 100 451 1 Moraxella osloensis 99 875 2 Staphylococcus caprae 100 900 1 

Bacillus methylotrophicus 99 902 1 
Mycobacterium       
immunogenum 

99 853 2 Staphylococcus             
equorum 99 829 1 

Bacillus muralis 99 889 1 
Oceanobacillus       
indicireducens 

99 888 1 Staphylococcus        
hominis 100 883 2 

Bacillus pumilus 100 754 1 Paracoccus yeei 99 545 1 Staphylococcus             
saprophyticus 99 843 2 

Bacillus subtilis 100 886 1 Pseudomonas lurida 99 300 1 

Streptomyces sp. 
Microscopic 
/macroscopic     
analysis 

1 
Bacillus thuringiensis 100 758 1 Pseudomonas stutzeri 100 876 1 

Brevundimonas          
vesicularis 99 825 1+ 

Pseudomonas         
xanthomarina 

100 873 1 

Candida famata Auxanogram 1     Virgibacillus sp. 95 894 1 
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SS-M2 

Species 
Ident 
[%] 

Bp RG Species 
Ident 
[%] 

bp RG Species 
Ident 
[%] 

bp RG 

Acinetobacter johnsonii 99 724 2 Brevundimonas bullata 99 824 1 Ralstonia pickettii 99,3 899 2 
Bacillus aerius 100 528 1 Escherichia fergusonii 99 710 2 Shigella sonnei 99 718 2 
Bacillus flexus 99 901 1 Mesorhizobium sp. 96 258 1 Staphylococcus capitis 99 570 1 

Bacillus licheniformis 100 451 1 Micrococcus luteus 97,4 220 1 Staphylococcus            
epidermidis 100 735 2 

Bacillus                      
methylotrophicus 

99 255 1 Moraxella osloensis 100% 877 2 Staphylococcus         
saprophyticus 99 673 2 

Bacillus pumilus 99 880 1 Mycobacterium sp. Microscopy 2 Staphylococcus warneri 99 887 1 

Bacillus subtilis 99 891 1 Pseudomonas            
pseudoalcaligenes 100 876 1+     
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Table 10-13

PS-M1 

:  List of isolated biofilm associated microorganisms from the MWF systems of industrial site 2. Species are characterized by microscopic and macro-
scopic properties and by their 16S rDNA sequence. Ident states the percentage of similarity with a given species in a 16S rDNA library, bp states 
the fragment length used for alignment. RG states the risk group for microorgansims classification in accordance to the WHO and the German 
“technische Regeln für biologische Arbeitstoffe TRBA 466” 

PS-M2 PS-M3 

Species Ident 
[%] Bp RG Species Ident 

[%] bp RG Species Ident 
[%] Bp RG 

Acinetobacter lwoffi 99 880 2 Bacillus aerius 100 528 1 Arcanobacterium sp. 98 719 2 
Bacillus                       
amyloliquefaciens 99 754 1 Brevibacterium 

frigoritolerans 99 842 1 Bacillus licheniformis 99 885 1 

Flavoflexus sp. 100 857 n.d. Micrococcus luteus 100 849 1 Bacillus pumilus 99 832 1 

Micrococcus luteus 99 885 1 Pseudomonas      
alcaliphilia 99 888 1 Burkholderia ferrariae 99 879 1 

Pseudomonas              
indoloxydans 99 714 n.d. Pseudomonas           

oleovorans 100 861 1 Burkholderia xenovorans 99 887 1 

Pseudomonas                    
pseudoalcaligenes 98 928 1+ Pseudomonas           

pseudoalcaligenes 100 874 1+ Micrococcus luteus 99 860 1 

        Pseudomonas 
oleovorans 99 907 1 

        
uncultured environmental 
strain of 
Actinomycetaceae 

99 716 n.d. 
(2) 
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Table 10-14

SS-M1 

: List of isolated and identified microorganisms from MWFs of five different machines, Part A industrial site 1. Species are characterized by micro-
scopic and macroscopic properties and by their 16S rDNA sequence. Ident states the percentage of similarity with a given species in a 16S rDNA 
library, bp states the fragment length used for alignment. RG states the risk group for microorgansims classification in accordance to the WHO and 
the German “technische Regeln für biologische Arbeitstoffe TRBA 466” 

SS-M2 

Species Ident 
[%] bp RG Species Ident 

[%] bp RG 

Acinetobacter lwoffii 99 879 2 Bacillus subtilis 99 879 1 
Bacillus benzoevorans 99 704 1 Brevundimonas vesicularis 99 825 1+ 
Bacillus cereus 99 1191 2 Micrococcus luteus 99 899 1 
Bacillus pumilus 99 879 1 Mycobacterim immunogenum 99 853 2 
Bacillus thuringiensis 99 816 1 Rhodotorula rubra Auxanogram 1 
Brevundimonas vesicularis 99 825 1+     
Methylobacterium sp. 98 750 1     
Micrococcus luteus 99 899 1     
Paenibacillus sp. 82 115 1     
Pseudomonas putida 99 792 1     
Pseudomonas stutzeri 99 882 1     
Staphylococcus epidermidis 99 901 2     
Stapylococcus hominis 99 902 2     
Virgibacillus halotolerans 99 839 1     
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Table 10-15

PS-M1 

: Isolated and identified microorgansims from MWF of five different machines, Part B industrial site 2. Species are characterized by microscopic and 
macroscopic properties and by their 16S rDNA sequence. Ident states the percentage of similarity with a given species in a 16S rDNA library, bp 
states the fragment length used for alignment. RG states the risk group for microorgansims classification in accordance to the WHO and the 
German “technische Regeln für biologische Arbeitstoffe TRBA 466” 

PS-M2 PS-M3 

Species Ident 
[%] Bp RG Species Ident 

[%] Bp RG Species Ident 
[%] bp RG 

Bacillus 
methylotrophicus 99 1040 1 Bacillus 

amyloliquefaciens 99 888 1 Arthrobacter sp. 93 867 1 

Bacillus pumilus 100 879 1 Bacillus 
methylotrophicus 99 836 1 Bacillus amyloliquefaciens 99 888 1 

Bacillus thuringiensis 99 816 1 Micrococcus luteus 99 899 1 Bacillus firmus 99 455 1 

Micrococcus luteus 99 899 1 Pseudomonas 
alcaligenes 99 863 2 Bacillus methylotrophicus 99 616 1 

Pseudomonas 
oleovorans 99 910 1 Pseudomonas 

oleovorans 99 910 1 Bacillus pumilus 199 879 1 

Pseudomonas 
alcaliphila 99 899 1 Pseudomonas putida 98 620 1+ Brevibacterium sp. 95 157 1 

Pseudomonas             
indoloxydans 98 928 n.d

.     Flaviflexus sp. 99,5 506 n.d. 

Pseudomonas           
pseudoalcaligenes 99 820 1+     Micrococcus luteus 100 861 1 

Pseudomonas putida 95 258 1+     Pseudomonas mendocina 98 400 2 
        Pseudomonas oleovorans 99 910 1 
        Pseudomonas 

pseudoalcaligenes 99 900 1+ 
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Table 10-16

Incubation variation 22 °C 

:  Results of the biofilm characterization of the biofilm development in incubation variations  
after seven days incubation 

Glass Aluminum 
alloy Copper Stainless 

Steel 
Water content [%] 82.5±14.1 96.4±0.8 91.2±1.1 91.6±2.3 
Mass/area [mg/cm²] 3.9±1.7 1.7±0.5 7.9±5.3 1.8±0.2 
Density [mgdry weight/gwet biofilm] 385.8±19.3 27.4±1.4 76.6±3.8 118.9±5.9 
Viability                        
[% living cells/all cells] 

89.9±6.7 83.7±12.7 73.2±11.8 35±10.0 

Incubation variation 37 °C 
Water content [%] 86.8±4.2 92.5±2.3 88.5±6.0 91.0±4.2 
Mass/area [mg/cm²] 158.0±35.2 2.5±0.5 46.3±3.5 1.8±0.1 
Density [mgdry weight/gwet biofilm] 195.1±9.7 95.3±4.8 205.0±10.3 64.1±3.2 
Viability                        
[% living cells/all cells] 

51.8±12.9 99.5±0.3 78.8±17.8 87.2±9.4 

Incubation variation 22 °C + turbulence 
Water content [%] 86.9±6.6 91.1±2.6 72.5±8.5 84.5±12.3 
Mass/area [mg/cm²] 102.2±31.1 2.3±0.3 192.5±60.4 1.6±0.9 
Density [mgdry weight/gwet biofilm] 230.8±11.5 107.4±5.4 188.7±9.4 38.4±1.9 
Viability                        
[% living cells/all cells] 

96.3±4.9 94.6±1.7 42.6±5.9 89.0±9.5 

Incubation variation 37 °C + turbulence 
Water content [%] 88.8±3.0 95.1±2.2 82.2±6.8 83.5±2.3 
Mass/area [mg/cm²] 41.2±19.0 2.1±0.3 85.5±1.8 1.8±0.2 
Density [mgdry weight/gwet biofilm] 76.9±3.8 31.6±1.6 280.1±14.0 170.0±8.5 
Viability                        
[% living cells/all cells] 

87.6±0.7 98.9±1.0 96±2.6 86.4±4.1 
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(A) 

Degradation 
by planktonic   

bacteria 

 

(B) 
Degradation 
by biofilm as-
sociated bac-

teria 

Figure 10-3
 

: Degradation of 2-phenoxyethanol by planktonic (A) and biofilm associated (B) bacteria. 
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Degradation by 
planktonic bacte-

ria 

 

(B) 
Degradation by 
biofilm associat-

ed bacteria 

Figure 10-4
 

: Degradation of tergitol by planktonic (A) and biofilm associated (B) bacteria. 
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Figure 10-5
 

: Degradation of oleyl alcohol by planktonic (A) and biofilm associated (B) bacteria. 
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Figure 10-6
 

: Degradation of monoethanolamine by planktonic (A) and biofilm associated (B) bacteria. 
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Figure 10-7
 

: Degradation of tetramethylurea by planktonic (A) and biofilm associated (B) bacteria. 

 

 
(A) 

Degradation 
by planktonic 

bacteria 

-0,05 

0 

0,05 

0,1 

0 24 48 72 96 

Ab
un

da
nc

e 

Time [h] 

Tetramethylurea - planktonic 

Arthrobacter 
chlorophenolicus 
Bacillus pumilus  

Burkholderia 
xenovorans 
Methylobacterium 
sp. 
Ps. oleovorans 

mix of 5 

mix of 10 

-2,5 

-2 

-1,5 

-1 

-0,5 

0 

0 24 48 72 96 

Ab
un

da
nc

e 

Time [h] 

Tetramethylurea - Biofilm  

Arthrobacter 
chlorophenolicus 
Bacillus pumilus 

Burkholderia 
xenovorans  
Methylobacterium 
sp  
Ps.olevorans 

mix of 5 

mix of 10 

0 

0,05 

0,1 

0,15 

0,2 

0,25 

0 24 48 72 96 

Ab
un

da
nc

e 

Time [h] 

3-Jodo-2-Propinyl-N-Butylcarbamate  - planktonic 

Arthobacter 
chlorophenolicus 
Bacillus pumilus  

Burkholderia 
xenovorans 
Methylobacterium 
sp 
Ps. oleovorans 

Mix of 5 

Mix of 10 



Appendix 

146 
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Figure 10-8

 

: Degradation of 3-iodo-2-propynyl-N-butylcarbamate by planktonic (A) and biofilm associ-
ated (B) bacteria. 
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Degradation 
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sociated bac-
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Figure 10-9

 

: Degradation of di-tert-dodecylpolysulfide by planktonic (A) and biofilm associated (B) 
bacteria. 
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