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INTRODUCTION 

 

The development of effective, non-toxic marine antifouling coatings is becoming more urgent 

as environmental restrictions to the use of toxic coatings become more stringent (8,15). 

Effective, non-toxic antifouling coatings are thought to have an optimal combination of 

surface hydrophobicity, elasticity and structure (5,17). Bacterial adhesion to surfaces in 

seawater is controlled to a large extent by physicochemical surface properties of substrata and 

bacteria, rather than by biological processes (1,12) and consequently the development of non-

stick surfaces and coatings seems feasible (30,31). As a complicating factor, however, 

surfaces exposed to an environment with dissolved organic solutes, like the marine 

environment, are rapidly covered by a conditioning film as the very first stage of biofilm 

formation (4,24,28) prior to the arrival of bacteria and organisms (9). The exact role of the 

conditioning film on bacterial adhesion is not well understood. It has been proposed that the 

original substratum surface properties shape microfouling events through the intermediary of 

these conditioning films (2,22). This then happens despite the fact that the physicochemical 

properties are usually different than those of the substrata on which they are formed. Different 

analytical methods for determination of the surface chemical composition of marine 

conditioning films showed that proteins, nucleic acids, polysaccharides, lipids, humic acids 

and aromatic amino acids were present in conditioning films after three days of immersion in 

oligotrophic waters (28). Proteins were the first compounds to adsorb, followed by 

carbohydrates and this all occurs prior to adhesion of microorganisms including bacteria, 

microalgae, fungi and protozoa, and detritial matter originating from marine and terrestrial 

sources (9). The time scale in which the composition of the conditioning film becomes 

independent on the substratum surface properties was reported to range from 4 h (20) up to 3 

days (18). Seasonal changes are likely to affect the salinity, pH, temperature and 

concentration of dissolved organic carbon (DOC) and particulate organic carbon in natural 

seawaters, with a possible impact on the conditioning film (6). No studies have been 

conducted, however, on how seasonal changes in the composition of seawater influence 

bacterial adhesion to conditioning films from seawater collected during different seasons.  

 

Therefore the aim of this chapter is to compare adhesion of three marine bacterial strains with 

different cell surface hydrophobicities to conditioning films on glass, adsorbed from natural 

seawater collected during different seasons in a stagnation point flow chamber (SPFC). 
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MATERIALS AND METHODS 

 

Bacterial strains and culture conditions. Three marine bacterial strains were selected with 

different cell surface hydrophobicities, including the motile rod-shaped bacterium 

Marinobacter hydrocarbonoclasticus ATCC 27132, non-motile spherical bacterium 

Psychrobacter sp. strain SW5H and non-motile spherical bacterium Halomonas pacifica 

ATCC 27122. Psychrobacter sp. strain SW5H was isolated from surfboard wax after 

exposure to seawater off Wanda Beach, Sydney (11). To preserve the strains, cultures were 

transferred to beads (TSC, Heywood, UK) and vials were stored at -80°C, from which new 

stock cultures were periodically established. For each adhesion experiment, bacteria were 

precultured from marine agar plates (Difco Marine agar 2216, Le pont de Claix, France) in 

batch culture of artificial seawater (Sigma Sea Salts, Steinheim, Germany, 38.5 g l-1), 

supplemented with 5 g l-1 bacteriological peptone (OXOID, Basingstoke, UK) and 1 g l-1 

yeast extract (OXOID) for 24 h at 30°C, while firmly shaking (rpm 180) to avoid bacterial 

aggregates. These cultures were used to inoculate second cultures which were grown for 16 h. 

Bacterial cells were harvested by centrifugation (5 min at 10000 g) and washed twice with 

artificial seawater. Subsequently, bacteria suspended in natural seawater to a density of 3 × 

108 bacteria ml-1, as determined by optical density (546nm) measurements with a Spectronic 

genesys (Spectronic instruments, USA). The spectrometer was calibrated against a series of 

diluted suspensions with known bacterial density, as determined in a Bürker-Türk counting 

chamber.  

 

Bacterial cell surface characterization. Bacterial cell surfaces were characterized by their 

cell surface hydrophobicities based on water contact angle measurements. Bacteria were 

deposited from artificial seawater on cellulose acetate membrane filters (Millipore, pore 

diameter 0.45 µm), which were positioned on a fritted glass support under negative pressure, 

to produce a lawn of 50-100 stacked bacterial cells. The lawns were rinsed extensively with 

demineralized water after deposition on a filter. The wet filters were fixed on sample holder 

plates with double-sided sticky tape and left to air dry in ambient air until so called “plateau” 

contact angles could be measured, indicated by stable water contact angles over time. 

 

Substratum surfaces and conditioning with seawater. Glass surfaces were cleaned first by 

sponging with 2% Extran MA02 (Merck KgaA, Darmstadt, Germany), followed by sonication 
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during 10 min in 0.5% RBS25 (Fluka Chemie AG, Buchs, Switzerland) and thorough rinsing 

with tap water, methanol, tap water and finally Millipore-Q water to obtain a fully water 

wettable, hydrophilic surface, i.e. a 15 degrees water contact angle. Conditioning films were 

formed on the glass surfaces by immersion in natural seawater at room temperature under 

gentle stirring (30 rpm) for 60 min. As a control, surfaces were also immersed in artificial 

seawater. Seawater was obtained from the Marsdiep near Den Helder, The Netherlands as 

indicated in Fig. 1.  

 
 

Figure 1. The Marsdiep inlet of the Wadden Sea, with sampling locality at the TNO institute indicated 
by an arrow (adapted from Cadée, G. C., and J. Hegeman (7)). 
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Seawater was directly pumped from the entrance of the harbor at a depth of 8 meters and 

filtered prior to storage and use (0.22 µm, Millipore, Ireland). Seawater was stored at 4ºC, not 

exposed to light and continuously aerated with a normal aquarium membrane air pump. Five-

year average values over the period of 1996-2001 on the temperature, salinity, pH, and 

concentration of DOC of the seawater were obtained from www.waterbase.nl, as 

institutionalized by the Dutch Ministry of Transport, Public Works and Water Management. 

The presence of a conditioning film on glass after exposure to seawater was demonstrated by 

water contact angle measurements and X-ray photoelectron spectroscopy for seawater 

collected in September 2002. Conditioned surfaces were dipped once in demineralized water 

before the surfaces were analyzed. For water contact angle measurements the conditioned 

surfaces were dried with nitrogen gas until “plateau” contact angles could be measured. For 

X-ray photoelectron spectroscopy (S-Probe spectrometer, Surface Science Instruments, 

Mountain View, CA, USA), samples were placed in the spectrometer after air-drying and left 

to fully dehydrate in the spectrometer. Scans of the overall spectrum in the binding energy 

range of 1-1200 eV were made at low resolution, then peaks over a 20 eV binding energy 

range were recorded at high resolution for C1s and O1s. Elemental surface compositions were 

expressed as a percentage of the overall elemental composition. 

 

Flow chamber experiments and image analysis. A SPFC was used in this study, as 

described before in detail (10). The SPFC was incorporated between two communicating 

vessels placed at different heights and containing the bacterial suspension, to create a pulse-

free flow by hydrostatic pressure. Fluid was recirculated with a roller pump between the 

vessels. In the SPFC, adhesion in an area 1.1 mm away from the stagnation point was 

observed with a CCD-LDH camera (Philips, Eindhoven, The Netherlands) mounted on a 

dark-field microscope (Leitz) equipped with 50 × objective (Leitz Wetzlar). Live images were 

grabbed with a PC-Vision+ frame grabber (Imaging Technology Inc., Woburn, MA, USA) 

and Sharp filtered. Deposited bacteria were discriminated from the background by single grey 

value thresholding. This yielded binary black and white images on which single bacteria can 

be discriminated and counted (23). The images were subsequently stored on disk for later 

analysis. Experiments were carried out at a flow rate of 0.0088 ml s-1, corresponding with a 

shear rate at the point of observation equal to 22.5 s-1 (13). The total number of adhering 

bacteria per unit area on the conditioned glass surfaces n(t) was recorded as a function of time 
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by image sequence analysis. All experiments were performed at 20ºC in triplicate, with 

separately cultured strains in artificial and natural seawater. 

 

Data analysis and statistical evaluation. The initial deposition rate, j0, describes the affinity 

of a bacterium for a substratum surface and was calculated by linear regression analysis from 

the initial increase of the numbers of adhering bacteria as a function of time and unit area. 

 

A forward multiple linear regression analysis was performed in order to identify the parameter 

of the seawater most predictive for bacterial deposition. The initial deposition rate was used as 

a dependent variable, while the temperature, salinity, pH and concentration of DOC were used 

as explanatory variables. Explanatory variables were checked for correlation, as determined 

with Pearson’s correlation test. All statistical analyses were performed with SPSS for 

Windows (SPSS Inc., Chicago IL).  

 

 

RESULTS 

 

Bacterial cell surface characterization. M. hydrocarbonoclasticus was the most 

hydrophobic strain with a water contact angle of 85 degrees. Psychrobacter sp. had an 

intermediate hydrophobicity with a water contact angle of 54 degrees, while H. pacifica was 

the most hydrophilic strain with a water contact angle of 18 degrees (the average standard 

deviation amounts approximately 2 degrees for three separate cultures of each bacterial 

strain). A more detailed surface characterization of the bacterial strains was published before 

(3). 

  

Seawater. Fig. 2 presents the five-year averaged values of the temperature, salinity, pH and 

concentration of DOC in the course of a year in the Marsdiep, The Netherlands. The averaged 

temperature of the seawater fluctuated between 3.5 and 19.9ºC, while the salinity of the 

seawater varied between 21.3 and 32.1 g l-1, but there were no months with clearly elevated or 

lowered salt concentrations. Both pH and concentration of DOC show a peak value in the last 

half of April and the first half of May, respectively.  

 

Substratum surface and conditioning. The presence of a conditioning film on the glass was 

demonstrated by the increase in water contact angle from 15 degrees for bare glass up to 50  
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 a                                                                           b 

 

 c                                                                           d 

Figure 2. Seasonal variation in (a) temperature (ºC), (b) salinity (g l-1), (c) pH and (d) DOC (mg l-1) 
after filtration over the period 1996 up to 2001 at the Marsdiep, Den Helder, The Netherlands. 
 

degrees (standard deviation of 3 degrees over three drops on three separately cleaned 

surfaces) for the glass after one-hour incubation in natural seawater, whereas incubation in 

artificial seawater did not change the water contact angle. Table 1 demonstrates the presence 

of a conditioning film on glass from elemental surface compositions by XPS. A decrease in 

the percentage silicon was observed, indicating coverage of the glass surface by the 

conditioning film. Furthermore, it shows the presence of carbon on the bare glass surface, 

likely due to adsorption of hydrocarbon components from the atmosphere (16). Incubation in 

artificial seawater resulted in slightly higher percentage of carbon on the surface, probably 

due to trace elements in the artificial seawater (< 0.5 mg l-1), whereas conditioning in natural 

seawater resulted in a much more elevated percentage of carbon and nitrogen on the surface, 

the latter being indicative of the presence of proteins.  
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Table 1. Percentage elemental surface composition of bare glass and glass after one-hour incubation 
in natural seawater collected in September 2002, as determined by X-ray photoelectron spectroscopy. 

Element Bare glass Glass after 

incubation in 

artificial seawater 

Glass after 

incubation in 

natural seawater 

C 12.0  26.3 45.4 

O 56.9  47.3 32.6 

Si 30.7  21.0 14.1 

N - - 1.8 

Na - 2.2 0.7 

Mg - - 4.4 

Cl - 2.8 0.9 

 

Adhesion experiments. Table 2 presents the initial deposition rates (j0) of all three bacterial 

strains to glass, conditioned with natural seawater collected during different seasons and with 

artificial seawater, as obtained in a SPFC. On average, the initial deposition rates (j0) of the 

bacterial strains to natural seawater conditioned surfaces are smaller than to glass exposed to 

artificial seawater, with a strong decrease for both hydrophilic strains. However, for M. 

hydrocarbonoclasticus, which is the most hydrophobic bacterial strain, the initial deposition 

rates to glass conditioned with seawater collected in January 2002 and June 2002 equal values 

of initial deposition in artificial seawater and even become higher with seawater collected in 

September 2002. Note that for both hydrophilic strains, Psychrobacter sp. H. pacifica the 

lowest initial deposition rate was measured with September 2002 seawater.  

 

Statistical analyses. A forward multiple linear regression analysis demonstrated that the 

concentration of DOC explained most (R2 values of 70%, 77% and 52%) of the variance in 

initial deposition rate for M. hydrocarbonoclasticus, Psychrobacter sp., and H. pacifca, 

respectively. The variables pH, temperature and salinity were of minor importance and on 

average only explained 40%, 6%, and 26% of the variance, respectively. The linear relation 

between initial deposition rates and the concentration of DOC, as the variable with highest 

explanatory value, is presented in Fig. 3. Initial deposition rates of Psychrobacter sp. and H.  

pacifica, the two most hydrophilic strains employed, increased with an increasing 

concentration of DOC, while the initial deposition rate M. hydrocarbonoclasticus decreased 

with increasing concentration of DOC. 
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Table 2. Experimental initial deposition rates (j0, cm-2 s-1) for three marine, bacterial strains to glass 
conditioned in artificial seawater or seawater collected during different seasons in a stagnation point 
flow chamber a. 
 

M. hydrocarbonoclasticus  

ATCC 27132 

Psychrobacter sp. 

SW5H 

H. pacifica  

ATCC 27122 

Seawater collection 

j0 j0 j0 

Artificial seawater 1649  ± 118 2619  ± 149 2231  ± 213 

9th September 2001 1210  ± 77 1277  ± 151 813    ± 82 

15th January 2002 1699  ± 177 1121  ± 77 1004  ± 150 

23rd April 2002 623   ± 126 1432  ± 218 1051  ± 180 

23rd June 2002 1519  ± 150 1220  ± 61 1202  ± 70 

24th September 2002 1880  ± 217  660   ± 36 750    ± 45 
aAll experiments were done in triplicate (± denotes the standard deviation over three experiments with 
separately cultured organisms) 
 

 

DISCUSSION 

 

This chapter shows the effect of different concentrations of DOC present in seawater collected 

in different seasons from the Marsdiep on bacterial adhesion to a conditioning film on glass in 

a SPFC. A SPFC was used because it yields faster kinetics and a generally better 

reproducibility than a PPFC (32). Moreover, it has been suggested that due to a different 

mode of mass transport, adhesion in the SPFC is more interaction controlled than in the PPFC 

(3). In the SPFC, even a one-hour conditioning film from natural seawater reduced adhesion 

of three marine bacterial strains. Conditioning films generally form quickly, prior to the 

relatively slow adhesion of bacteria. It has been demonstrated, for instance, that it takes at 

least 24 h, with the concentrations of bacteria present in the seawater, to achieve ≥103 bacteria 

per cm-2 (9,14). Note that the development of a mature marine biofilm (21), comprising not 

only the conditioning film and microorganisms but also diatoms, algae and marine 

invertebrates, takes much longer. 

 

 



Chapter 4  

79 

 
Figure 3. Initial deposition rates (cm-2 s-1) of M. hydrocarbonoclasticus (□), Psychrobacter sp. SW5H 
(   ) and H. pacifica (○) as a function of DOC (mg l-1). The significance level of the correlation is 
indicated by the p-value. DOC values for artificial seawater are assumed to be 0.  
 

 

Incubation in natural seawater made glass more hydrophobic, which is in accordance with 

earlier reports indicating that the hydrophobicity of hydrophobic surfaces decreased upon 

incubation in seawater, whereas a slight increase in hydrophobicity was observed for 

hydrophilic surfaces (19,27). As hydrophobic bacteria have a preference to adhere to 

hydrophobic surfaces (1), the presence of a conditioning film on glass reduces adhesion of 

hydrophobic bacteria less than of more hydrophilic strains (see Table 2).  

 

Multiple linear regression analysis showed that the concentration of DOC in seawater is the 

main determinant for reduction in deposition rates of the bacterial strains. DOC is associated 

with dissolved proteins, polysaccharides, humic acids, nucleic acids, polysaccharides and 

aromatic amino-acids which were also present in conditioning films after 3 days immersion in 

oligotrophic waters (28). Peaks in pH and DOC in the Marsdiep are related to blooms of 

phytoplankton and were found respectively around and one month after the phytoplankton 

peak. The photosynthetic activity, for which the plankton uses carbon dioxide, moves the 

equilibrium in the seawater towards higher pH. The peak in concentration of DOC was found 

after the bloom, which indicates that not the secretion products of the plankton were a reason 
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for the DOC peak but rather the autolysed cells (6). It was confirmed by our XPS data that 

these organic compounds and proteins from the lysed cells simultaneously form a 

conditioning layer on the glass within one-hour. This is in contradiction with the results of 

Compère et al. (9), who concluded that proteins adsorb before carbohydrates. Carbon in the 

conditioning film possibly originated from carbohydrates, but also of the presence of fatty 

acids as these could account up to 4% of the DOC in natural waters, mainly originating from 

phytoplankton autolysis (29). 

 

The observation that the concentration DOC in sea water has a direct influence on bacterial 

adhesion to conditioning films, probably indicates that the properties of the conditioning film 

depend in part on DOC concentration in seawater. Pratt-Terpstra et al. (25,26) already 

demonstrated that conditioning films may differ in composition, thickness, and degree of 

surface coverage. Conditioning films from seawater on stainless steel were also found, after 

24 h of exposure, to cover the surface only partly and unconditioned areas of stainless steel 

were still present (9). Higher concentrations of DOC in seawater likely speed up the formation 

of a more contiguous, fully covering conditioning film, with the degree of coverage and 

thickness of the film impacting bacterial adhesion. 

 

In conclusion, the seasonal variation in DOC as occurring in natural seawaters has a great 

influence on the adhesion of bacteria to conditioning films formed by adsorption from natural 

seawaters. Initial adhesion of bacterial strains to the marine conditioning film was reduced, as 

compared with adhesion to glass exposed to artificial seawater. Deposition rates correlated 

positively with the concentration of DOC in seawater for two hydrophilic strains and 

negatively for a hydrophobic strain. 
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