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Abstract

In this study, we investigate the interaction of Rhodopseudomonas Palustris (R. Palustris) with montmorillonite clay. The
adsorption of bacteria on the clay surface was also determined as a function of the initial bacterial quantity, pH, temperature and
ionic strength. At different initial bacterial quantities, the percentage of bacteria adsorbed ranged from 61.07% to 77.57%, and
the higher percentage was determined to be 15.0x108 cfu mlI”. In addition, the actual number of adsorbed cells was significantly
correlated with the initial quantity of R. Palustris. A greater degree of R. Palustris adsorption on the montmorillonite was
observed in the temperature range of 300C to 400C. It was also found that as the pH and ionic strength increased the percentage
of bacterial adsorption on montmorillonite decreased. There were no significant differences (P > 0.05) in the enzyme activities
of aspartate aminotransferase (AST), alanine aminotransferase (ALT) and lactate dehydrogenase (LDH) between the bacteria
treated with and without montmorillonite. However, montmorillonite supplementation significantly increased (P < 0.05) the cell
surface hydrophobicity of R. Palustris compared with the control. These results indicated that the interaction was controlled by
physicochemical characteristics between cells and the mineral substrate.
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1. Introduction

Microorganisms comprise much of the Earth's biodiversity and have a critical role in biogeochemistry cycles as well as
ecosystem functioning (Hattori, 1973). Microbes, especially bacteria, influence the kinetics and course of reactions involving the
dissolution of a number of minerals, and they also influence the authigenic and diagenetic formation of a number of minerals in the
lithosphere and hydrosphere of Earth (Ehrlich, 1996). On the other hand, minerals profoundly influence the survival, activity, gene
expression and functions of microbes (Xie and Znang, 2001; Manini and Luna, 2003; Chaerun et al., 2005). Therefore, the
interactions between minerals and microorganisms are essential to soil ecology and to the environment (Rong et al., 2007).

Experimental studies have demonstrated that pH, temperature, ionic strength, bacterial species and mineralogy strongly influence
the extent of bacterial adsorption onto mineral surfaces (Loosdrecht et al., 1989; Scholl et al., 1990; Mills et al., 1994; Yee et al.,
2000; Jiang et al., 2007; Rong et al., 2008). The adsorption of the bacterium, Bacillus subtilis, onto corundum increases with
decreasing pH, increases with bacterial quantity, increases the mineral mass ratio, and decreases the ionic strength (Mills et al.,
1994). The adsorption of Pseudomonas putida on minerals, including montmorillonite, kaolinite and goethite, decreased with
increasing pH, and greater adsorption was observed in the temperature range of 15°C to 35°C (Jiang et al., 2007). Gram-positive B.
subtilis adsorbs onto Fe-oxyhydroxide-coated quartz to a greater extent than do gram-negative Pseudomonas mendocina (Ams et
al., 2004). These studies point to the importance of sorption, or the nonspecific association between the microorganisms and
mineral surfaces.

Purple non-sulphur photosynthetic bacteria, such as Rhodopseudomonas palustris (R. Palustris), are widely distributed in nature
(Oda et al., 2003; Zhou et al., 2007). These bacteria have the potential to be very useful and play a major role in purifying the
environment because they combine photosynthesis with the ability to photometabolize many organic substances (Kobayashi, 1982;
Getha et al., 1998). Higher incorporation rates (80%) of total glucose assimilation in a salt marsh have been observed in bacteria
attached to suspended clay minerals to a greater extant than in unattached bacteria (Hanson and Wiebe, 1977; Hanson and Synder,
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1980). This observation indicated that bacteria attached to clay have a greater impact than unattached bacteria on the trophic
dynamics of some aquatic systems (Wang et al., 2005). However, few studies have focused on the adsorption of R. Palustris on
clay minerals, which are the most active inorganic colloidal components in soils, and the associated interaction mechanisms
remain unknown. In the present study, the interaction of the gram-negative bacterium, R. Palustris, with montmorillonite clay was
investigated. The effects of temperature, pH and electrolytes on R. Palustris adsorption were also examined.

2. Materials and Methods

2.1 Bacterium

The bacterium, R. Palustris, was previously isolated in our laboratory from shrimp (Penaeus vannamei; Boone, 1931) pond
sludge in Haiyan, Zhejiang province, China (Wang et al., 2004). The Hungate roll tube technique for anaerobic culture of
bacterium (Hungate, 1968) was applied in the preparation of media, originally described by van Niel (1971), for R. Palustris. The
tubes were completely filled with the malate-basal medium (4.0g malic acid, 1.0g NH4Cl, 0.2g MgSO,-7H,0, 0.2g K,HPO,, 0.05g
CaCl,2H,0, 0.05g FeCl;-6H,0, 0.01g ZnSO,7H,O, 0.01g H;BO,, 0.5mg CuSO45H,0, 0.5 mg MnCl,4H,0O, 5.0mg
Co(NOs),'6H,0, 0.1mg p-aminobenzoic acid, 0.001mg thiamine-HCl, 0.1mg nicotinic acid and 0.001 mg per liter biotin; pH 6.8-
7.0), closed tightly and incubated at 30 °C. The specimen of R. Palustris was maintained in malate-basal medium with 20% sterile
glycerol and stored at -80 °C (Forma 702, Thermo, USA) for later use.

Prior to the adsorption assay, R. Palustris was serially transferred twice in the malate-basal medium and incubated anaerobically
at 30°C for 72 h. Cells were collected by centrifugation (4000 g, 10 min) and washed three times in sterilized distilled-deionized
(DDI) water according to Jiang et al. (2007). Previous work in this laboratory indicated that the wash procedure does not
significantly alter the cell wall structure (Yee and Fein, 2002). The quantity of the washed bacterial cell suspension was
determined using the double-plate method (Sun et al., 2001). All experiments were conducted in nutrient deficient conditions
where bacteria are metabolically inactive.

2.2 Mineral

The montmorillonite used in this study was a hydrothermal product of volcanic sedimentary rocks from Chifeng, in the Inner
Mongolia Autonomous Region of China. Besides montmorillonite, there were minor quantities of quartz and volcanic glass in the
ore. To remove impurities, the raw material was dried in an oven overnight at 80°C and milled to less than 300 mesh. The milled
material was dispersed in water to form a 10% suspension that was churned in a stirrer for about 10 min. Particles larger than 2 pm
were separated out by sedimentation, and the suspension was centrifuged to obtain refined montmorillonite (Xia et al., 2004). The
refined montmorillonite was dried at 80 °C followed by another milling to less than 300 mesh for use. The formula of the purified
montmorillonite was as follows [NaOA158K0A082C30‘256Mg()‘063] [Mg0A376F62+0A014Fe3+0A136A11A474] [Si3A87A10A13] Olo(OH)z'HHQO with the
cation exchange capability (CEC) of 136.5 mmol/100 g.

2.3 Adsorption of bacterium onto montmorillonite

Batch experiments were conducted to measure R. Palustris adsorption onto montmorillonite as a function of initial bacterial
quantity, pH, temperature and ionic strength. Different quantities (1.0x10%, 5.0x10%, 10.0x10%, 15.0x10% 20.0x10® and 25.0x10®
colony-forming units (cfu) ml") of bacterial suspension were added to 10-ml centrifuge tubes containing 50 milligrams
montmorillonite. DDI water was supplemented to bring the final volume to 10 ml. Adsorption was conducted at various pH values
(4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0) in which 50 mg of montmorillonite was added to 10 ml of bacterial suspension containing a
cell concentration of 15.0x10% cfu mI™. A similar experiment was carried out in the temperature range of 10°C to 50°C. The ionic
strength experiment was performed by suspending the bacteria in DDI water in the presence of 0.1-100 mmol L™ of Na* (NaNO;,
Sigma). In each experiment, the bacteria-mineral mixture was allowed to shake (200 rpm) for 2 h at 30°C except when measuring
the effect of incubation temperature on R. Palustris adsorption on montmorillonite.

Separation of the unattached bacteria from the fraction containing mineral powder and attached bacteria was accomplished by
injecting a sucrose solution (60% by wt.) into the bottom of the mineral-bacteria suspension (Yee et al., 2000). Because sucrose is
denser than the bacteria suspended in solution but is less dense than the mineral grains (including those with bacteria attached), the
sucrose creates a density gradient. The mineral powder, with any adsorbed bacteria, sinks to the bottom of the test tube, and the
unadsorbed bacteria and aqueous solution float on top of the sucrose layer. After the sucrose separation, the unattached bacterial
fraction was extracted with a pipette and counted using the double-plate method. Control experiments were performed without the
mineral present to determine whether adsorption to the test tubes occurs and to quantify the efficiency of the separation technique.
The percentage of attached bacteria was determined as follows: (Initial bacterial quantity - Actual quantity of unattached
bacteria)/Initial bacterial quantity. The actual quantity of unattached bacteria was measured by adding the amount of the
unattached bacteria and the loss in the separation procedure (control). All experiments were done in triplicate.

2.4 Interaction of bacterium with montmorillonite

Sterile tubes containing appropriate malate-basal medium were inoculated anaerobically with R. Palustris for 72 h at 30°C. Then,
corresponding weight samples of montmorillonite were weighed and placed directly into sterile test tubes. Tubes containing R.
Palustris without any clay materials were treated as control. All tubes were incubated anaerobically at 30°C for 6 h and then the
sample solutions, filtered using 0.45um Millipore membranes, were prepared to determine the activities of aspartate
aminotransferase (AST), alanine aminotransferase (ALT) and lactate dehydrogenase (LDH) using a semi-automatic biochemical
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analyzer (Technicon, RA-XT, USA) with the test kit (Abbott Laboratory, Chicago, IL, USA), according to manufacturer’s
instructions. Enzyme activities were expressed as specific activity (U L) and all experiments were performed in triplicate.

Cell surface hydrophobicity of R. Palustris was determined using an assay measuring bacterial adherence to hydrocarbons,
which is based on the partitioning of cells in a two-phase system (Rosenberg et al., 1980; Zhang and Miller, 1994). In this study,
the hydrocarbons used were dimethylbenzene, which were added to a subsample of the culture and mixed according to Wang and
Han (2007). The cells were washed twice to remove any interfering solutes and then resuspended in a buffered salt solution (pH
7.0) containing Na,HPO, and NaH,PO, (0.2 m01~L'1; Sangon, China) to a final density of 10% cfu mL™L. Then, the montmorillonite
with a predetermined concentration was weighed and supplemented with the previously mentioned bacteria. Afterwards, the
bacteria-mineral mixture was allowed to shake (200 rpm) for 2 h at 30°C. Tubes containing R. Palustris without any clay materials
were treated as the control. Finally, the previously mentioned bacterial cells of the bacteria-mineral mixture (4.0 mL) and
dimethylbenzene (2.0 mL) were vortexed in a screw-top tube (10 mL) for 3 min. Then, the dimethylbenzene and aqueous phases
were allowed to separate for 30 min. The aqueous phase was recovered with a Pasteur pipette and the turbidity, at 600 nm, was
measured. The percentage adhesion was calculated as follows: 100 x (ODggy before mixing - ODgq after mixing) /ODgy before
mixing, where ODygy, is the optical density at 600 nm. All experiments were also performed in triplicate.

2.5 Statistical analyses

Analysis of variance (One-way ANOVA) and the Student’s t-test were used to determine the significant (P < 0.05) differences
between the tested groups. The Kruskal-Wallis test was used before the ANOVA analysis. All statistics were performed using
SPSS for Windows version 11.5 (SPSS, Chicago, USA).

3. Results

3.1 Effect of initial bacterial quantity on adsorption

Fig. 1 showed the results of the initial bacterial quantities on R. Palustris adsorption onto the montmorillonite. The percentage of
bacteria adsorbed ranged from 61.07 = 5.05% to 77.57 + 4.47%. The highest adsorbed percentage was determined when the initial
bacterial quantity was 15.0x10° cfu ml”, which was significantly different (P < 0.05) compared with the other quantities used
(1.0x10%, 5.0x10% and 10.0x10°® cfu mI™"). However, no significant decrease in adsorption was observed above 15.0x10° cfu mlI™.
The numbers of actual bacterial quantities at various initial concentrations were counted. As shown in Table 1, the actual quantity
of adsorbed cells was significantly correlated with the initial quantities of R. Palustris (R* = 0.9875, P < 0.05, n = 6). Furthermore,
the remarkable increase in the number of bacterial cells adsorbed by montmorillonite was observed below the initial cells quantity
0f 20.0x10° cfu ml.

Table 1. Effect of initial bacterial quantities on the actual bacterial, R. Palustris, quantity after adsorption onto montmorillonite.
Results are presented as means + S.D. of triplicate observations.

Initial quantity (x108 cfu mI™) Actual quantity (x108 cfu mI™)
1.00 0.61 +£0.05
5.00 3.19+0.29
10.00 6.62 +£0.53
15.00 11.64 +0.67
20.00 15.34 £ 0.97
25.00 17.13 £ 1.32

Table 2. Effect of montmorillonite on R. Palustris enzyme activities (U L") of aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and lactate dehydrogenase (LDH). Results are presented as means + S.D. of triplicate observations. Means
in the same line with different superscripts are significantly different (P < 0.05).

Indexes/Groups Control Treatment
AST 10.41 £1.97° 10.55+1.98°
ALT 7.79 £1.19* 7.93 +£1.70°
LDH 12.24 +1.58° 12.46 + 1.86"

3.2 Effect of pH on adsorption

The cell adsorption on montmorillonite was significantly affected by pH and decreased gradually from pH 4.0 to 10.0 (Fig. 2).
The remarkable decrease in cell adsorption was observed above pH 8.0. The data also revealed that the adsorption percentage at
pH 4.0 (80.47 = 7.28%) was significantly different (P < 0.05) compared with that at pH 10.0 (54.83 = 7.11%).
3.3 Effect of temperature on adsorption

The effect of temperature on the adsorption of bacterial cells on montmorillonite is illustrated in Fig. 3. Cell adsorption increased
from 10°C to 35°C and then decreased. The temperature under which the maximum amount of adsorption for montmorillonite was
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reached was 35°C. The percentage of R. Palustris adsorption on montmorillonite at 35°C was 78.07 & 6.25%, while only 37.87 £
6.45% of bacterial cells were adsorbed at 50°C. In addition, significantly lower (P < 0.05) bacterial adsorption was found at 10°C

(43.83 + 4.55%) than that at 35°C. However, there were no significant differences (P > 0.05) among the treatments at 30°C, 35°C
and 40°C.
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3.4 Effect of ionic strength on adsorption

As shown in Fig. 4, the change obtained in the ionic strength (0.1-100 mmol L™ of Na") experiment for bacteria (R. Palustris)
adsorption onto montmorillonite were similar to the effect observed for adsorption on pH. The bacteria adsorbed percentage was
decreased from 76.20 £ 6.44% to 50.73 + 7.36% with increased ionic strength (0.1 mmol L™ of Na" and 100 mmol L™ of Na’,
respectively).

3.5 Effect of montmorillonite on bacterial enzyme activity and cell hydrophobicity

The effect of mineral montmorillonite on R. Palustris enzyme activities of AST, ALT and LDH is shown in Table 2. The
bacteria treated with the montmorillonite displayed higher enzyme activities of AST, ALT and LDH compared to those treated
without any clay materials. However, there were no significant differences (P > 0.05) in these enzyme activities between the
treatment and control groups.

The effect of mineral montmorillonite on bacterial cell hydrophobicity of R. Palustris is presented in Fig. 5. Compared with the

control (48.43 + 6.10%), montmorillonite supplementation significantly increased (P < 0.05) cell surface hydrophobicity of R.
Palustris (69.93 + 6.92).
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4. Discussions

Adhesion of bacteria onto solid surfaces is a necessary event in nature for the utilization of inorganic and organic values and for
the enhanced growth of bacteria (Deo et al., 2001). To our knowledge, this is the first study presenting bacteria of R. Palustris
adsorption on montmorillonite clay. Although a higher adsorption percentage was observed when the initial bacterial quantity was
15.0x10® cfu ml™, the actual quantity of adsorbed bacterial cells increased with continuously increasing initial concentrations of R.
Palustris. This observation indicated that increased bacterial cell quantities could improve the interaction between R. Palustris and
montmorillonite. Alternatively, the data demonstrated that the adsorption reaction might be connected with the nature of the
surface of the mineral as well.

Montmorillonite is a subset of aluminosilicate clay that possesses a 2:1 layer structure (Borchardt, 1989). Its surface element has
various dissociations at different pH values and a range of behaviors in different surface capabilities (Tertre et al., 2006). In our
study, as the pH increased, the percentage of bacterial adsorption on montmorillonite decreased. The forces governing bacterial
adsorption on mineral surfaces include electrostatic and non-electrostatic interactions. The electrostatic force originates from the
Coulombic interaction between two charged entities, whereas the non-electrostatic ones come from the hydrogen bonding, van der
Waals force, hydrophobic interactions and so forth (Deo et al., 2001; Rong et al., 2008). Therefore, the various bacterial cell
adsorption percentages at different pH values were associated with the interaction of these forces, similar to the results reported for
the interaction between bacteria and minerals (Yee et al., 2000; Shashikala and Raichur, 2002).

The extent of bacterial adsorption on solid surfaces is affected by the bacterial physiological state, and vigorous bacterial
metabolism facilitates their adsorption abilities (Pethica, 1980). In the present study, a greater extent of R. Palustris adsorption
onto the montmorillonite was observed in the range of temperatures from 30°C to 40°C. Thus, this greater adsorption might be
associated with the physiological state of R. Palustris since its activity was optimum in this temperature range. A similar finding
was obtained by Jiang et al. (2007), who investigated the effect of temperature on P. putida adsorption onto clay minerals and
showed that the temperatures under which the maximum amount of adsorption was reached were 15, 25 and 35°C for goethite,
kaolinite and montmorillonite, respectively.

In the present study, the results also showed that as the concentration of ionic strength increased, the percentage of adsorbed
bacterial cells decreased. A previous study showed that the adsorption of B. subtilis onto corundum decreased significantly with
increasing ionic strength (Yee et al., 2000). The theory of electrolyte effects on interparticle interaction is referred to as the
D.L.V.O. theory (Derjagiun and Laudau, 1941). In suspension, a potential exists between charged particles and the bulk medium.
As a result, counter-ions are attracted to the surface to form a double layer of charges. At low ionic strength, the double layers
associated with both surfaces of montmorillonite were relatively thick, and the attractive electric fields extended further into
solution. This effect increased the potential for adsorption. As the ionic strength increased, the higher concentration of electrolyte
ions limited the interaction between the two surfaces and, though they remain oppositely charged, adsorption was reduced. This
finding was not in agreement with previous studies showing that the increase in bacterial adsorption on minerals with increasing
cation concentration occurs below 100 mmol L™ (Gordon and Millero, 1984; Jiang et al., 2007). This difference in adsorption
could be attributed to the species and surface characteristics of the experimental bacteria used in the present work in contrast to
their study.

AST, ALT and LDH are all intracellular enzymes and are generally treated as indicators of bacterial injury (Korzeniewski and
Callewaert, 1983). Under physiological conditions, little or no intracellular enzymes are released from the cell, except for
structural injury to the cell wall and/or a change in the permeability of the cell membrane (Guo et al., 2005). Therefore, the data
obtained for the intracellular enzyme activities of bacteria treated with montmorillonite suggested that the permeability of the cell
membranes did not significantly change and the bacteria did not suffer injury.
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Microbial cell surface hydrophobicity is recognized as one of the determining factors in microbial adhesion to bioremediation
surfaces (van Loosdrecht et al., 1987a; 1987b), which is a phenomenon observed commonly in natural and engineered systems
(Rosenberg and Doyle, 1990; Wang et al., 2005). The cell wall hydrophobicity of Bacillus sp. was studied on the basis of the
amount of bacteria present in a hydrocarbon/water two-phase system. The results showed that the bacteria with higher levels of
cell wall hydrophobicity have a better bioremediation capability (Wang and Han, 2007). In the present study, higher (P < 0.05) cell
surface hydrophobicity was observed for bacteria supplemented with montmorillonite compared with the untreated bacteria. This
observation suggested that the R. Palustris attached to montmorillonite clay might have easier access to the soluble materials and
organic matter as a source of nutrition and thus had a greater impact on environmental bioremediation.

In conclusion, our results indicate that the initial bacterial quantity, pH, temperature and ionic strength were all important in
controlling the adsorption of R. Palustris onto montmorillonite clay. No significant differences in enzymes activities of AST, ALT
and LDH were observed. However, higher cell surface hydrophobicity was observed in the bacteria supplemented with
montmorillonite. The adhesion process is controlled by physicochemical interactions between cells and mineral substrates.
Although this study employed a single type of bacterium, similar mechanisms may be important in determining the distribution of
R. Palustris in the environment. Further studies using other techniques are needed to investigate the interactions of R. Palustris
with various minerals and soil components in different environmental conditions. In addition, the bioremediation capability of R.
Palustris supplemented with montmorillonite will be evaluated in future studies.

Acknowledgement

This study was supported by the National Natural Science Foundation of China (No. 30700620) and the Foundation of Zhejiang
Provincial Scientific Program (No. 2009C32018). We also acknowledge valuable help provided by Dr. Zhou X.X. from the
Chemistry Department of Zhejiang University for her many helpful suggestions.

References

Ams, D.A., Fein, J., Dong, H., and Maurice, P., 2004. Experimental measurements of the adsorption of Bacillus subtilis and
Pseudomonas mendocina onto Fe-oxyhydroxide-coated and uncoated quartz grains. Geomicrobiology Journal, Vol. 21, No. 8,
pp. 511-519.

Borchardt, G., 1989. Smectites. In: Dixon, J.B., Weed, S.B. (Eds.), Minerals in Soil Environments. Soil Science of America,
Madison, WI, pp. 675-727.

Chaerun S.K., Tazaki K., Asada R., and Kogure K., 2005. Interaction between clay minerals and hydrocarbon-utilizing indigenous
microorganisms in high concentrations of heavy oil: implications for bioremediation. Clay Miner., Vol. 40, No. 1, pp. 105-114.
Derjagiun, B.V., and Landau, L., 1941. Theory of the stability of strongly charged lyophobic sols and of the adhesion of strongly

charged particles in solutions of electrolytes. Acta Physicochim. URSS. Vol. 14, pp. 633-662.

Deo, N., Natarajan, K.A., and Somasundaran, P., 2001. Mechanisms of adhesion of Paenibacillus polymyxa onto hematite,
corundum and quartz. Int. J. Miner. Process., Vol. 62, No. 1-4, pp. 27-39.

Ehrlich H.L. 1996. How microbe influence mineral growth and dissolution. Chem. Geol. Vol. 132, No. 1, pp. 5-9.

Getha, K., Vikineswary, S., and Chong, V.C., 1998. Isolation and growth of the phototrophic bacterium Rhodopseudomonas
palustris strain B1 in sago-starch-processing wastewater. World Journal of Microbiology & Biotechnology, Vol. 14, No. 4,
pp-505-511.

Gordon, A.S., and Millero, F.J., 1984. Electrolyte effects on attachment of an Estuarine bacterium. Appl. Environ. Microbiol., Vol.
47, No. 3, pp. 495-499.

Guo, T., Ma, Y., Guo, P., and Xu, Z., 2005. Antibacterial effects of the Cu(I)-exchanged montmorillonite on Escherichia coli K88
and Salmonella choleraesuis. Veterinary Microbiology, Vol. 105, No. 2, pp. 113-122.

Hanson, R.B., and Wiebe, W.J., 1977. Heterotrophic activity associated with particulate size fractions in a Spartina alterniflora
salt-marsh estuary, Sapelo Island, Georgia, USA, and the continental shelf waters. Marine Biology, Vol. 42, No. 4, pp. 321-330.

Hanson, R.B., and Synder, J., 1980. Glucose exchanges in a salt marsh-estuary: biological activity and chemical measurements.
Limnology and Oceanography, Vol. 25, No. 4, pp. 633-642.

Hungate, R.E., 1968. A roll tube method for cultivation of strict anaerobes. In: Morris & Robbins D.W. (Eds.), Methods in
Microbiology, Vol. 3. London: Academic Press. pp117-132.

Jiang, D., Huang, Q., Cai, P., Rong, X., and Chen, W., 2007. Adsorption of Pseudomonas putida on clay minerals and iron oxide.
Colloids and Surfaces B: Biointerfaces, Vol. 54, No. 2, pp. 217-221.

Kobayashi, M., 1982. The role of phototrophic bacteria in nature and their utilization. In: Rao, N.S.S. (Eds), Advances in
Agricultural Microbiology. London: Butterworth Scientific. pp. 643-661.

Korzeniewski, C., and Callewaert, D.M., 1983. An enzyme-release assay for natural cytotoxicity. Journal of Immunological
Methods, Vol. 64, No. 3, pp. 313-320.

Marcel Dekker Inc., 1973. Microbial life in the soil, an introduction. Hattori.T., New York.

Manini E. and Luna G.M., 2003. Influence of the mineralogical composition on microbial activities in marine sediments: an
experimental approach. Chemistry and Ecology, Vol. 19, No. 5, pp. 399-410.



42 Wang and Han / International Journal of Engineering, Science and Technology, Vol. 2, No. 7, 2010, pp. 36-43

Mills, A.L., Herman, J.S., Hornberger, G.M., and Dejests, T.H., 1994. Effect of solution ionic strength and iron coatings on
mineral grains on the sorption of bacterial cells to quartz sand. Appl. Environ. Microbiol., Vol. 60, No. 9, pp. 3300-3306.

Oda, Y., Star, B., Huisman, L.A., Gottschal, J.C., and Forney, L.J., 2003. Biogeography of the purple nonsulfur bacterium
Rhodopseudomonas palustris. Appl. Environ. Microbiol., Vol. 69, No. 9, pp. 5186-5191.

Pethica, B.A., 1980. Microbial and cell adhesion. In: Berkeley, R.C.W., Lynch, J.M., Melling, J., Rutter, P.R., Vincent, B. (Eds.),
Microbial Adhesion to Surfaces, Ellis-Horwood, West Sussex, England, pp. 19-45.

Rong X., Huang Q., He X., Chen H., Cai P., and Liang W., 2008. Interaction of Pseudomonas putida with kaolinite and
montmorillonite: A combination study by equilibrium adsorption, ITC, SEM and FTIR. Colloid Surface B., Vol. 64, No. 1, pp.
49-55.

Rosenberg, M., and Doyle, R.J., 1990. Microbial cell surface hydrophobicity: history, measurement, and significance. In: Doyle,
R.J., Rosenberg, M. (Eds.), Microbial Cell Surface Hydrophobicity. American Society for Microbiology, Washington, D.C., pp.
1-37.

Rong, X., Huang, Q., and Chen, W., 2007. Microcalorimetric investigation on the metabolic activity of Bacillus thuringiensis as
influenced by kaolinite, montmorillonite and goethite. Appl. Clay Sci., Vol. 38, No. 1-2, pp. 97-103.

Rosenberg, M., Gutnick, G., and Rosenberg, E., 1980. Adherence of bacteria to hydrocarbons: a simple method for measuring cell
surface hydrophobicity. FEMS Microbiol. Lett., Vol. 9, No. 1, pp. 29-33.

Shashikala, A.R., and Raichur, A.M., 2002. Role of interfacial phenomena in determining adsorption of Bacillus polymyxa onto
hematite and quartz. Colloid Surface B., Vol. 24, No. 1, pp. 11-20.

Sun, J.D., Zhao, C.Y., Huang, X.C., Chen, X.S., and Xiong, K.Z., 2001. Mathematical model of photosynthetic bacteria counting.
Journal of Shenyang Agricultural University, Vol. 32, No. 2, pp. 358-359.

Scholl, M.A., Mills, A.L., Herman, J.S., and Hornberger, G.M., 1990. The Influence of mineralogy and solution chemistry in the
attachment of bacteria to representative aquifer materials. J. Contam. Hydr., Vol. 6, No. 4, pp. 321-336.

Tertre, E., Caster, S., Berger, G., Louber, M., and Giffaut, E., 2006. Surface chemistry of kaolinite and Na-montmorillonite in
aqueous electrolyte solutions at 25 and 60 °C: Experimental and modeling study. Geochimica et Cosmochimica Acta, Vol. 70,
No. 18, pp. 4579-4599.

van Loosdrecht, M.C.M., Lyklema, J., Norde, W., Schraa, G., and Zehnder, A.J.B., 1987. The role of bacterial cell wall
hydrophobicity in adhesion. Appl. Environ. Microbiol., Vol. 53, No. 8, pp. 1893-1897.

van Loosdrecht, M.C.M., Lyklema, J., Norde, W., Schraa, G., and Zehnder, A.J.B., 1987. Electrophoretic mobility and
hydrophobicity as a measured to predict the initial steps of bacterial adhesion. Appl. Environ. Microbiol., Vol. 53, No. 8, pp.
1898-1901.

Van Niel, C.B., 1971. Techniques for the enrichment, isolation and maintenance of the photosynthetic bacteria. In: San Pietro A.
(Eds.), Methods in Enzymology. London: Axademic Press. pp 3-28.

Van Loosdrecht, M.C.C., Lyklema, J., Norde, W., and Zehnder, A.J.B., 1989. Bacterial adhesion: a physicochemical approach.
Microbial Ecology, Vol. 17, No. 1, pp. 1-15.

Wang, Y., and Han, J., 2007. The role of probiotic cell wall hydrophobicity in bioremediation of aquaculture. Aquaculture, Vol.
269, No. 1-4, pp. 349-354.

Wang, Y., Xu, Z., and Deng, Y., 2004. Isolation and identification of photosynthetic bacterium, Rhodopseudomonas palustris, in
shrimp ponds sludge. China Feed. Vol. 13, pp.32-33. (In Chinese)

Wang, Y., Xu, Z., Zhou, X., and Xia, M., 2005. Bacteria attached to suspended particles in northern white shrimp (Penaeus
vannamei L.) ponds. Aquaculture, Vol. 249, No. 1-4, pp. 285-290.

Xia, M., Hu, C., and Xu, Z., 2004. Effects of copper-bearing montmorillonite on growth performance, digestive enzyme activities,
and intestinal microflora and morphology of male broilers. Poultry Sciences, Vol. 83, No. 11, pp. 1868-1875.

Xie X.D., and Zhang G.S., 2001. Environmental significance of the interaction between minerals and microbes. Acta Petrologica
et Mineralogica, Vol. 20, No. 4, pp. 382-386.

Yee, N., and Fein, J.B., 2002. Does metal adsorption onto bacterial surfaces inhibit or enhance aqueous metal transport? Column
and batch reactor experiments on Cd-Bacillus subtilis—quartz systems. Chem. Geol., Vol. 185, No. 3-4, pp. 303-319.

Yee, N, Fein, J.B., and Daughney, C.J., 2000. Experimental study of the pH, ionic strength, and reversibility behavior of bacteria-
mineral adsorption. Geochimica et Cosmochimica Acta, Vol. 64, No. 4, pp. 609-617.

Zhang, Y., and Miller, R.M., 1994. Effect of a Pseudomonas rhamnolipid biosurfactant on cell hydrophobicity and biodegradation
of octadecane. Appl. Environ. Microbiol., Vol. 60, No. 6, pp. 2101-2106.

Zhou, X.X, Wang, Y.B., Li, W.F., and Pan. Y.J. 2007. In vitro assessment of gastrointestinal viability of two photosynthetic
bacteria, Rhodopseudomonas palustris and Rhodobacter sphaeroides. J. Zhejiang Univ. SCIENCE B., Vol. 8, No. 9, pp. 677-
683.

Biographical notes

Dr. Yanbo Wang is an Associate Professor in Food Quality and Safety Department of Zhejiang Gongshang University. He received Ph.D. in Seafood Quality and
Safety, Animal Science College of Zhejiang University in 2006 and worked in Food and Agriculture Science Institute, University of Florida as a Postdoctor from
June 2008 to May 2010. His research interests include probiotics and prebiotics, seafood quality and safety. Now he is the PI of project named “Preparation of



43 Wang and Han / International Journal of Engineering, Science and Technology, Vol. 2, No. 7, 2010, pp. 36-43

probiotics (Rps. palustris) -loaded silicate particulates and its mutual action mechanism” funded by the National Natural Science Foundation of China. Moreover,
He is a fellow of Chinese Animal Microbial Union, Food Union of Zhejiang Province and senior member of World Aquaculture Union.

Dr. Jianzhong Han is a Professor in Food Quality and Safety Department of Zhejiang Gongshang University. He received Ph.D. in Food Quality and Safety of
Zhejiang University in 2008. He has more than 20 years of experience in teaching and research. His current area of research includes meat quality and safety, food
nutritional biology and applied microbiology. He has published more than sixty papers in referred international journals and written few books related to his
research work. He is currently dealing with few projects sponsored by government of India.

Received May 2010
Accepted June 2010
Final acceptance in revised form June 2010



