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Abstract
Purpose Attachment of bacteria on soil particles is ubiquitous
and governs the transformation of nutrients and degradation of
pollutants in soil and associated environments. The nature on
the binding of bacteria by soil particles has remained unclear.
The objectives of the present study were to investigate the
adsorption of Pseudomonas putida on particle size fractions
from an Ultisol as influenced by solution chemistry and
organic matter.
Materials and methods An Ultisol was collected from a
forest land. One part of the soil was oxidized by H2O2 to
remove organic matter. The other part was without such
oxidization. Each part of the soil was separated into four
size classes: coarse sand (200–2,000 μm), fine sand (20–
200 μm), silt (2–20 μm), and clay (<2 μm). The
corresponding organic matter-left fractions (OM-left) and
organic matter-removed (OM-removed) fractions were
obtained. Meanwhile, P. putida was grown in beef extract

peptone medium at 28°C to the stationary growth phase.
Cells were harvested by centrifugation, washed in deion-
ized water, and resuspended in 10 mM acetate buffer
(pH 5.5). Batch experiments were carried out to analyze
equilibrium adsorption of bacteria and the effects of pH and
electrolyte concentrations on bacterial adsorption.
Results and discussion The adsorption isotherms of P.
putida on the size fractions conformed to the Langmuir
equation. The maximum amount of P. putida adsorbed by
clay fraction was 4.3 and 62.3 times as great as that by silt
and sand fractions, respectively. The number of P. putida
attached to OM-removed fractions was significantly larger
than that to OM-left fractions. P. putida adsorption on OM-
left fractions with increasing pH from 4.0 to 9.0 was
reduced by 44.0–78.8%. At the same time, further
decreases (7.5–21.1%) were observed in the adsorption
for OM-removed ones. Mg2+ was much more effective than
Na+ in enhancing P. putida attachment. Na+ and Mg2+ ions
more strongly promoted P. putida adsorption on OM-left
fractions than on OM-removed fractions.
Conclusions Clay fraction presented the largest adsorption
capacity for bacteria, followed by soil silt and sand
fractions. As compared with silt and sand fractions, it is
likely that the greater amounts of bacteria adsorbed by clay
fractions were attributed to their higher content of clay
minerals and iron oxides. Soil organic matter plays a
suppressive role in the interfacial processes occurring
during the initial bacterial attachment.
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1 Introduction

Bacteria are ubiquitous in soils, sediments, and associated
environments (Whitman et al. 1998). In soils, the bacterial
count is approximately 1010 cells per gram soil (Torsvik
and Øvreås 2002; Young and Crawford 2004). Most of
these bacteria are attached to soil particles, including soil
mineral fractions and organic matter (Nannipieri et al.
2003). Interactions of bacteria with soil particles have
enormous impacts on mineral weathering (Kim et al. 2004),
aggregation formation, decomposition of organic matter
and nutrient release, transformation and ultimate fate of
contaminants (Huang et al. 2005), and transport of
pathogens (Morrow et al. 2005).

Studies have shown that the attachment of bacteria to
soil/sediment particles is affected by the particle sizes.
Fontes et al. (1991) have observed that the percent of the
strain W6, a Gram-negative coccus, retained by fine-
grained sand (330–400 μm) can be as high as 85.5% at
an ionic strength of 0.89 mM. Guber et al. (2007) have
reported that the attachment of fecal coliforms to soil silt
particles (2–50 μm) and clay particles (<2 μm) in the
absence of manure colloids is much higher than that to sand
particles (62.5–500 μm) without organic coating, whereas
there is no notable difference of the attachment between
coated sand and silt or clay particles. Jeng et al. (2005) have
found that approximately 18% of attached Escherichia coli
cells are associated with the clay fraction (0.45–5 μm) in
fresh stormwater, 80% with the silt fraction (5–53 μm), and
2% with the sand fraction (>53 μm). Soupir et al. (2010)
have observed that at least 60% of attached E. coli and
enterococci are associated with suspended particles within
an 8–62 μm particle size category, and the remaining
bacteria are attached to particles with a size larger than
63 μm. In their study, Bengtsson and Ekere (2001) used
batch experiments of the attachment of indigenous ground-
water bacteria to six size fractions and two mixtures of a
sandy soil. They have found that there are no linear
correlations between the partitioning coefficient and particle
size or specific surface area. Previous studies have shown that
the majority of bacteria are attached to soil fine size fractions.
However, few studies have attempted to give sufficient
explanations with regard to these phenomena. The
underlying mechanisms of the attachment to soil fractions
are not yet fully understood.

Recently, many works have been devoted to the
clarification of the binding mechanisms of bacteria to clay
minerals that serve as the major components of soil fine
size fractions. For example, Pseudomonas putida cells
preferred to be attached to goethite, followed by kaolinite
and montmorillonite. In addition, the amount of attachment
decreased with the increase of pH from 3.0 to 10.0 or the
decrease of MgCl2 or NaCl concentrations ranging from 50

to 0 mM, suggesting an important role of electrostatic force
among bacteria–clay mineral interactions (Jiang et al.
2007). Additionally, hydrogen bonding also contributed to
the adsorption of P. putida on these clay minerals (Rong et
al. 2008, 2010). The significant suppressive effects of low-
molecular-weight organic ligands and phosphate on P.
putida attachment to kaolinite, montmorillonite, and goe-
thite were ascribed to the increased negative charges of
adsorbed ligands and the competition of ligands for binding
sites (Wu et al. 2011). The attenuated total reflectance
Fourier transform infrared spectroscopy revealed the for-
mation of P-OFe and COOH bond between phosphate and
carboxylate groups on the surface of Shewanella oneiden-
sis, Pseudomonas aeruginonsa, and Bacillus subtilis and
hematite (Parikh and Chorover 2006). A series of studies
has been carried out on Shewanella alga BrY cells
attachment in order to understand the adhesion of dissim-
ilatory Fe(III)-reducing bacteria to Fe(III) minerals. The
largest adsorption of S. alga BrY cells on hematite
possessing the smallest specific surface area among
hematite, goethite, and hydrous ferric oxide (HFO) suggests
that the adhesion of bacteria seems to be independent of the
specific surface area (Das and Caccavo 2001). Analyses of
cell surface chemical components, hydrophobicity, and
charges have indicated that the initial, reversible adhesion
of S. alga BrY to HFO is mediated by hydrophobic surface
proteins (Caccavo et al. 1997; Das and Caccavo 2000,
2001). Meanwhile, the adhesion system involves multiple
proteins, including but not limited to 50-, 60-, and 31-kDa
peptides, that served as iron binding sites (Caccavo 1999).
The flagellum of S. alga BrY cell acts as an adhesin to
different ferric oxides, and the 59-kDa flagellin corresponds
in size to the peptide of 60 kDa (Caccavo and Das 2002).

Although these publications have given initial insights
into the mechanisms of the adsorption of bacteria on clay
minerals, it is still not an easy way to extrapolate the
mechanisms from pure minerals to soil particles which are
extremely complex in their constitution. Furthermore, it is
also difficult to fully comprehend whether or not mineral
constituents and organic matter in soils regulates the
attachment of bacteria to different soil particle size
fractions. The aim of the present study was to test how P.
putida adsorption responded to changes in the content of
organic matter in soil particles of different sizes. The effects
of pH and electrolytes on adsorption were also investigated.

2 Materials and methods

2.1 Soil particle size fractions

A Red soil (Ultisol) was collected from a depth of 0–20 cm
in a forest land in Wuhan, Hubei province, China. After
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removing the organic residue, the soil was rinsed in
deionized water and dispersed by adding 0.5 M NaOH
solution dropwise to pH 7–8 together with sonication.
The coarse sand fraction (200–2,000 μm) was collected
by wet sieving, while fine sand fraction (20–200 μm),
silt fraction (2–20 μm), and clay fraction (<2 μm) were
separated by sedimentation after dispersion. The clay
suspension was flocculated by the addition of CaCl2
solution and washed with deionized water and ethanol to
remove Cl−1 ions. These soil samples were organic matter-
left (OM-left) fractions. To obtain organic matter-removed
(OM-removed) fractions, the soil suspension was treated
by H2O2 (30%) with intermittent agitation to oxidize
organic matter. The oxidation process was repeated until
the suspension was free of air bubbles. The OM-removed
fractions were separated to four size fractions following
the same wet sieving and sedimentation procedures
described above. All the soil particle size fractions
prepared were oven-dried at 60°C.

The mineralogy of the soil particle size fractions was
determined by X-ray diffraction using CuKα radiation.
Organic matter (OM), free iron oxides, point of zero
charge (PZC), zeta potentials (ζ), and specific surface
area were analyzed by K2Cr2O7 digestion, dithionite–
citrate method, acid-base potentiometric titration (Xiong
1985), Zeta Potential Analyzer (ZetaPlus 90, Brookhaven
Instruments Corporation) and N2 adsorption (Beijing
Analytical Instrument Company), respectively. Some
properties of the soil particle size fractions are listed
in Table 1.

2.2 Bacteria

P. putida is a Gram-negative aerobic species ubiquitously
found in soils. P. putida was grown in beef extract
peptone medium at 28°C and 200 rpm to a stationary

(21 h) growth phase. Cells were also harvested by
centrifugation at a stationary growth phase, and then
washed several times in deionized water to remove
residual medium. The washed cells were suspended in
10 mM acetate buffer (pH 5.5). Afterwards, the cell
concentration of the washed cell suspension was deter-
mined by spread plate method. Briefly, serial decimal
dilutions of the washed cells were made using sterile
acetate buffer. One-tenth milliliter of the dilutions was
spread uniformly over the surface of a plate containing
15 mL of beef extract peptone medium. The plates were
incubated for 36 h at 25°C. At the end of the incubation
period, colonies were counted and the number of colony-
forming units per milliliter was calculated. The final cell
concentration used for adsorption assays was 2×108

cells mL−1. PZC and ζ of P. putida were measured by
the same methods as those used for soil particles.

2.3 Adsorption of bacteria by soil particle size fractions

In a 50-mL centrifuge tube, 1,200 mg of sand (90 mg of silt
or 35 mg of clay fraction) was mixed with 20 mL of acetate
buffer (pH 5.5) containing 0~4×109 cells of P. putida. The
bacteria–soil particle mixtures were agitated at 200 rpm and
25°C for 1 h. Preliminary experiments indicated that
equilibrium time for these systems was less than 1 h.
Adsorption was conducted in the range of pH from 4.0 to
9.0, in which the corresponding aforementioned amounts
of soil particle size fractions and 20 mL of acetate
buffer (pH 5.5) containing 3×109 cells of bacteria were
used. Similar experiments were carried out in acetate
buffer (pH 5.5) with the presence of 0–100 mM NaCl or
0–50 mM MgCl2.

Separation of unattached bacteria from the fraction
containing soil particle size fractions and attached bacteria
was accomplished by injecting 3 mL of sucrose solution

Table 1 Selected properties of soil particle size fractions and bacteria

Soil fractions/bacteria OM (g kg−1) Free iron oxides (g kg−1) SSA (m2 g−1) ζ (mv) PZC Mineral composition

OM-left

Clay, <2 μm 60.8 58.19 −36.66 3.12 Kaolinite, Illite, Vermiculite

Silt, 2–20 μm 33.7 7.24 −44.27 1.81 Quartz, Illite, Kaolinite, Vermiculite

Fine sand, 20–200 μm 20.7 0.28 2.43 Quartz

Coarse sand, 200–2,000 μm 0.6 0.21 2.29 Quartz

OM-removed

Clay, <2 μm 9.7 50.47 74.35 −31 3.94 Kaolinite, Illite, Vermiculite

Silt, 2–20 μm 8.5 10.73 11.08 −40.95 2.63 Quartz, Illite, Kaolinite, Vermiculite

Fine sand, 20–200 μm 1.5 1.67 1.38 2.86 Quartz

Coarse sand, 200–2,000 μm 0 0 0.72 2.57 Quartz

P. putida −44.83 2.9

OM organic matter, SSA specific surface area, ζ zeta potential, PZC point of zero charge
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(60% by weight) into the bottom of the soil particle–
bacteria suspensions, after which the mixtures were
centrifuged at 3,202×g for 15 min. The unattached bacteria
were transferred to the plastic tube and 2 mL of 6.25 M
NaOH was added, and then 10 mM of acetate buffer
(pH 5.5) was supplied to yield a final volume of 25 mL.
The mixture was placed in water bath at 100°C for 30 min.
After cooling action, the mixture was filtered and the
protein in the filtrate was determined by the method
developed by Bradford (1976). Meanwhile, the content of
bacterial protein was converted into the number of bacterial
cells according to the linear correlation between them
(Jiang et al. 2007). The amount of adsorbed bacteria was
calculated by subtracting the amount of unattached bacteria
from the total amount of bacteria.

2.4 Statistical analysis

The statistical analysis of adhesion data was performed by
analysis of variance and p≤0.05 was considered significant.

3 Results

3.1 Equilibrium adsorption of P. putida

The concentration-dependent adsorptions for P. putida on
soil particles of different sizes are shown in Fig. 1. The
adsorption data fitted well to a Langmuir equation and the
parameters are given in Table 2. On average, the maximum
amount of P. putida adsorbed by clay fraction was 4.3 and
62.3 times as great as that by silt and sand fractions,
respectively. Overall bacterial adsorption on OM-removed
clay, silt, and sand fractions was significantly larger than
that on the corresponding OM-left fractions. The estimated
affinity constant (K) for OM-removed fractions were 1.8–
2.5 times as much as those for OM-left fractions, indicating
that P. putida cells are adsorbed more tightly by OM-
removed fractions than by OM-left fractions. The larger K
values for silt fractions than for clay fractions may suggest
higher adsorption affinity of bacteria toward silt fractions
regardless of OM-left and OM-removed.

3.2 Effect of pH

As shown in Fig. 2, the adsorption of P. putida on OM-left
coarse sand, fine sand, silt, and clay fractions with the
increase of pH values from 4.0 to 9.0 was reduced by
78.8%, 69.2%, 63.1%, and 44.0%, respectively. Further
decreases (7.5–21.1%) in bacterial adsorption were observed
for OM-removed fractions with increasing pH values. These
results showed that less bacterial cells were adsorbed by soil
particles in neutral and alkaline soils.

3.3 Effect of electrolyte

The adsorption of bacteria on soil particles increased
significantly (p≤0.05) with increasing Na+ concentrations
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Fig. 1 Equilibrium adsorption of P. putida by soil sand, silt, or clay.
Error bars are the standard deviations from the means (n=2). OM
organic matter

Table 2 Langmuir parameters for adsorption of P. putida on soil
fractions

Soil fractions Xm (1010 cells g−1) K R2

OM-left

Clay, <2 μm 5.026 0.167 0.9828

Silt, 2–20 μm 1.015 0.291 0.9951

Fine sand, 20–200 μm 0.056 0.139 0.9959

Coarse sand, 200–2,000 μm 0.009 0.031 0.9931

OM-removed

Clay, <2 μm 5.527 0.410 0.9955

Silt, 2–20 μm 1.494 0.624 0.9969

Fine sand, 20–200 μm 0.097 0.252 0.9988

Coarse sand, 200–2,000 μm 0.020 0.070 0.9807

The Langmuir equation is described as X = XmKC/(1+KC), where X is
the amount of P. putida adsorbed per unit mass of soil particles. Xm is
the maximum amount of P. putida adsorbed. K is the affinity constant
and C is the equilibrium P. putida concentration. R2 is the coefficient
of determination. The greater the K value, the higher the affinity
between the bacterium and soil particles
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from 0 to 60 mM and remained constant when Na+

concentration was higher than 60 mM (Fig. 3). In the case
of the OM-left fractions, P. putida cells attached to coarse
and fine sands increased by 6.6 and 3.9 times with the
increase of Na+ concentrations from 0 to 60 mM, while that
by silt and clay fractions was 2.5 and 1.4 times,
respectively. In contrast to OM-left fractions, the binding
of bacterial cells to OM-removed coarse and fine sands was
enhanced by 1.8- and 1.3-fold, while that to OM-removed
silt and clay was 0.9- and 0.8-fold, respectively. Similar
patterns were found for the influence of Mg2+ on bacterial
adsorption by soil particles of different sizes (Fig. 4). Mg2+

was much more effective than Na+ in promoting P. putida
adsorption. Both Na+ and Mg2+ ions enhanced more
strongly the bacterial attachment to OM-left fractions than
to OM-removed fractions.

4 Discussion

Our results indicated that P. putida adsorption on soil
particle size fractions was notably affected by the
surface characteristics of particles, including size, min-
eral composition, and content of organic matter. The
largest number of bacteria adsorbed by clay fraction was

4.3 and 62.3 times as large as that by silt and sand
fractions, respectively. The mineral compositions of clay
fraction are illite, kaolinite, vermiculite, and iron oxides
(see Table 1). The major mineral is quartz for silt fraction
and the minorities are clay minerals and iron oxides. Sand
fraction basically consists of quartz. Previous studies
showed that clay minerals and iron oxides have greater
abilities than quartz in bacterial adsorption. The maximum
amount of P. putida bound to kaolinite was 4.1×1010

cells g−1 at pH 7.0 and that to goethite was 4.8×1010

cells g−1 (Jiang et al. 2007). The highest number of
Bacillus polymyxa adsorbed by hematite was approxi-
mately 2×109 cells g−1 at pH 6.0, while that by quartz was
about 1.6×109 cells g−1 (Shashikala and Raichur 2002).
The cells of Paenibacillus polymyxa were shown to be
preferentially adsorbed by hematite than by quartz (Deo et
al. 2001). In contrast to silt and sand fractions, the higher
content of clay minerals and iron oxides in clay fractions
are considered to be responsible for their larger capacities
in bacterial adsoprtion. It is interesting to note that the
affinity of bacteria to soil particle size fractions followed
the sequence of silt > clay > fine sand > coarse sand. This
phenomenon may indicate that bacteria are apt to adhere
to silt size particles at the initial attachment. However, the
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Fig. 3 Effect of Na+ concentration on the adsorption of P. putida by
soil sand, silt, or clay. Error bars are the standard deviations from the
means (n=2). OM organic matter
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Fig. 2 Effect of pH on the adsorption of P. putida by soil sand, silt, or
clay. Error bars are the standard deviations from the means (n=2).
OM organic matter

J Soils Sediments (2012) 12:143–149 147



mineral composition of silt fractions may limit their
capacity for bacterial adsorption.

The data in this study also showed that OM-removed
fractions had greater adsorption capacity and affinity for
bacteria than OM-left fractions. Therefore, organic
matter in red soils was found to be unfavorable to
bacterial attachment. Our findings seem to be in
disagreement with the previous observations about the
spatial distribution of bacteria in soil. Gray et al. (1968)
revealed that 60% of the soil bacteria were located on
organic particles in a sand soil, although these particles
contributed only 15% to the total particle surface. The
discrepancy may be explained by assuming that most
microorganisms attached to organic matter are resulted
from growth in situ rather than from the soil water.
Upon surface colonization, soil microorganisms most
likely form microcolonies or biofilms. High nutrient
availability and water-holding capacity may provide
these attached bacterial populations with a favorable
microenvironment to live.

In the present study, three reasons may explain the
inhibition of organic matter on bacterial attachment to
soil particle size fractions. Firstly, free iron oxides

coated by organic matter are suspected to be exposed
after the removal of organic matter. The content of free
iron oxides in OM-removed fractions was 50.47 g kg−1

in clay, 10.73 g kg−1 in silt, and 1.67 g kg−1 in fine sand
(see Table 1). Fe–oxyhydroxide coating has been reported
to enhance significantly the adsorption of B. subtilis and
Pseudomonas mendocina on quartz surface (Ams et al.
2004). Fe(III)-coated quartz presented 100% adsorption of
the added bacteria, while that by quartz was less than 75%
at an ionic strength ranging from 1.16 to 57.8 mM (Mills
et al. 1994). It is likely that the exposed iron oxides
provide new sites for bacterial binding. Secondly,
organic matter coating led to an alteration in the surface
charge of soil fractions and then reduced bacterial
attachment. OM-left fractions displayed more negative
charges than OM-removed fractions, which was demon-
strated by the reduced PZCs (0.43–0.82 units) and zeta
potentials (3.32–5.66 mv) for OM-left particles (see
Table 1). It is reasonable that OM-left fractions may
present much stronger electrostatic repulsion with bacteria
than OM-removed fractions. Further evidence from our
results was that both monovalent and divalent salts
displayed greater abilities in promoting bacterial attach-
ment to OM-left fractions than to OM-removed fractions.
Therefore, the presence of organic matter may increase the
electrostatic repulsion between bacteria and soil size
fractions, resulting in reduced bacterial adsorption.
Thirdly, the occurrence of organic matter on soil fractions
may increase steric hindrance between bacteria and soil
fractions. Reduced colloidal or bacterial adhesions were
also observed in the presence of humic acid through
increased steric repulsion forces (Bob and Walker 2001;
Mosley and Hunter 2003; Foppen et al. 2008). Based on
these facts, the interfacial processes of the initial bacterial
attachment in soils may be constrained by organic matter
coating. Although soil particles are extraordinarily com-
plex in their constitution, our work still adequately
clarifies the effect of organic matter on bacterial attach-
ment to soil fractions.

5 Conclusions

Clay fraction displayed the largest adsorption capacity
for bacteria, followed by soil silt and sand fractions.
The silt fractions showed the highest affinity for
bacteria among all soil size fractions. The larger
amounts of bacteria adsorbed by clay fractions were
probably assigned to their higher content of clay minerals and
iron oxides. Soil organic matter plays a suppressive role in the
interfacial processes of the initial bacterial attachment to
soil particles.
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Fig. 4 Effect of Mg2+ concentration on the adsorption of P. putida by
soil sand, silt, or clay. Error bars are the standard deviations from the
means (n=2). OM organic matter
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