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Abstract—Bacteria play an important role in determining the properties and behavior of clay minerals in
natural environments and such interactions have great potential for creating stable biofilms and carbon
storage sites in soils, but our knowledge of these interactions are far from complete. The purpose of this
study was to understand better the effects of bacteria-generated biofilms on clay interlayer expansion.
Mixtures of a colloidal, 2-water hectorite clay and Pseudomonas syringae in a minimal media suspension
evolve into a polysaccharide-rich biofilm aggregate in time-series experiments lasting up to 1 week. X-ray
diffraction analysis reveals that upon aggregation, the clay undergoes an initial interlayer contraction.
Short-duration experiments, up to 72 h, result in a decrease in the dyo; value from 1.50 to 1.26 nm. The
initial interlayer contraction is followed in long-duration (up to 1 week) experiments by an expansion of the
doo; value of 1.84 nm. The expansion is probably a result of large, biofilm-produced, polymeric molecules
being emplaced in the interlayer site. The resultant organo-clay could provide a possible storage medium
for carbon in a microbial colony setting.
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INTRODUCTION

Microorganisms are capable of creating and sustain-
ing unique local environments on mineral surfaces
(Fortin et al., 1997; Fortin and Beveridge, 1997), within
plant root systems (Dorioz et al., 1993; Amellal et al.,
1998; Davey and O’Toole, 2000; Bloemberg and
Lugtenberg, 2004), and in numerous fresh-water and
marine environments (Ransom ez al., 1999). Organic
matter has a strong effect on the chemical and physical
properties of clays and sediments (Hedges and Oades,
1997; Stal, 2003; Gerbersdorf et al., 2008). Within the
confines of these environments, colonies of bacteria are
reactive and influence the corrosion of metal surfaces
(Pope et al., 1984; Little et al., 1991; Little et al., 1997,
Lee and Newman, 2003), contribute to the lithification
of microbial mats (Chafetz and Buczynski, 1992; Reid et
al., 2000; Dupraz and Visscher, 2005; Baumgartner et
al., 2006), influence the erodability of sublittoral
sediments (Sutherland et al., 1998), as well as creating
hazardous medical conditions (Costerton et al., 1987). In
soils, bacteria may activate chelated elements and
influence nutrient transfer by solutions which surround
plant roots (Bloemberg and Lugtenberg, 2004). These

* E-mail address of corresponding author:
pgottl@med.cuny.edu
DOI: 10.1346/CCMN.2009.0570207

nutrient transfers, which involve changes in local acidity
and ion balance, can be strongly mitigated by interac-
tions with clays.

The presence of smectite has been shown to be a key
stimulus to the rapid growth of biofilms in a laboratory
setting (Alimova et al., 2006). In the marine environ-
ment, clay floccules protect organic matter from
degradation (Ransom et al., 1998, Curry et al., 2007)
and bacteria are known to disaggregate larger clay
floccules (Jackson and Burd, 1998). Thus it is important
to understand better the role of clays as important
moderators of organic material exchange in natural
systems.

The majority of floccule disaggregation processes are
enabled by the production of biofilms. Biofilms consist
of a matrix of bacteria cells and extracellular polymeric
substances (EPS) with channels for providing water and
nutrients to the cells. Extracellular components of
biofilms can include polysaccharides, nucleic acids,
and peptides. The clay aggregates embed non-soluble
metal ions that result ultimately in the mineralization of
epilithic biofilms (Konhauser er al., 1994). These
matrices can be synthesized in industrial prototype
clay-biofilm reactors and have been shown to be of
value for the extraction of nitrites and other contami-
nants (Zhang et al., 2000). This complex of organic
materials provides an important exchange system that
may significantly affect the exchange of materials with
the interstitial layers of clays. Polysaccharides are



206

known to cause expansion in clays in cases without
bacterial intervention (Ueshima and Tazaki, 2001,
Darder and Ruiz-Hitzky, 2005) and assist in growing
nontronite clay layers (Ueshima and Tazaki, 2001).
The purpose of this work was to determine the
reaction of smectite and the production of biofilm in a
system that involves a growing bacteria colony,
Pseudomonas syringae, a representative soil-based
plant pathogen. Pseudomonads are known to be prolific
biofilm producers (O’Toole and Kolter, 1998). The
smectite-bacteria interaction results in the formation of
clay-bacteria aggregates associated within the biofilm.
Whereas there are several seminal papers on the nature
of the biofilms and their structure (e.g. Costerton et al.,
1995; Davey and O’Toole, 2000), there is very little
information on the possible impact of the biofilm-
aggregating bacteria on clay substrates. The present
study uses X-ray diffraction (XRD) to measure changes
in the (001) layering on passively settled, bio-reacted
clay and to examine the likelihood of interlayer
substitutions. A portion of the EPS output of the biofilm
may be entrained in clay through exchange with water in
the interlayer sites resulting in the formation of a unique
type of organo-clay containing biofilm components.

MATERIALS AND METHODS

Clay purification and size separation

The smectite used in this study was hectorite, a
lithium-based trioctahedral smectite (American Colloid
Company, Arlington Heights, Illinois; commercial
name: Hectalite; chemical formula: (Ca,Na)g 33
(Mgz'GG,Lio‘33)Si4Olo(F,OH)z), which was first purified
(organic contaminants removed) using Clorox bleach
(5% sodium hypochlorite). Washing with Clorox is a
standard method for the removal of organic materials
from clay (Anderson, 1961; Mikutta et al., 2005; Moore
and Reynolds, 1997). The pH was adjusted to 9.0 by the
addition of HCI. Two grams of clay were mixed with
200 mL of Clorox and incubated in a shaker for 40 min
at 37°C. The organic-free clay was subjected to a triple
wash with sterile, doubly distilled water to remove any
Clorox residue. Next, the larger clay particles (>0.5 pm)
and non-clay minerals were removed by centrifugation at
3600 rpm for 20 min. The pellet, containing the larger
particles, was discarded. The supernatant containing the
smaller clay particles (<0.5 pm) was autoclaved at
121°C and 15 psi for 40 min to destroy any possible
bacterial contamination. The sterility of the hectorite
suspension was tested by placing 100 pL on a Luria-
Bertani (LB) agar plate and incubating for 2 days at
27°C. The LB media contained bacto-tryptone and bacto-
yeast extract which together constitute an enriched
media that supports the growth of many microorganisms,
both bacterial and fungal (Difco, 1953). The absence of
bacterial or fungal colonies after this time period was
strong confirmation of the sterility of the clay.
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Bacteria

A single colony of P. syringae pv. phaseolicola
HBI10Y was transferred from an LB agar plate to 2 mL
of minimal media. The minimal media consisted of:
50 mM of NaH,PO4, 20 mM of KH,PO,4, 20 mM of
NH,CI, 9 mM of NaCl, 0.01 mM of CaCl,, 0.05 mM of
MgSO0,, 0.4% of glucose, 4 ng/mL each of the amino-
acids: proline, methionine, serine, and histidine,
40 pg/mL of sodium glutamate, and trace amounts of
microelements Fe, Mo, Zn, Mn, Cu, Co, and B, at
concentrations of ~0.1 M. The bacteria, in log phase,
were incubated in a shaker bath overnight at 27°C prior
to mixing with the clay suspensions. Under these culture
conditions, P. syringae were observed to begin forming
aggregates within 3 h of mixing with smectite (Alimova
et al., 2006).

Clay-bacteria mix

The P. syringae-clay suspensions were prepared by
mixing 20 mL of media with 4 mL of the autoclaved
hectorite and 500 pL of the overnight culture of
P. syringae. The initial bacteria concentration for these
experiments was ~10° colony forming units (CFU)/mL.
Hectorite control suspensions were also prepared by
mixing 4 mL of the autoclaved hectorite with 20 mL of
minimal media but without P. syringae. The concentra-
tion of hectorite and nutrients in the controls are equal to
that of the P. syringae-clay suspensions.

The P. syringae-clay suspensions were placed in sterile
flasks and incubated for periods of up to 1 week at 27°C.
After incubation, some of the samples were treated with
Clorox to remove organic material, including bacteria
cells and EPS. The free-floating bacteria and bacteria-clay
aggregates were collected by centrifugation at 13,000 rpm
with a Sorvall SS-34 rotor (~14,400 g) for 40 min. The
supernatants were decanted and the pellets isolated. Some
pellets were resuspended in 10 mL of Clorox at pH 9 in
order to remove organic material. The suspensions were
then incubated at 37°C for 1 h in a shaker bath and again
centrifuged at 14,400 g for 20 min after which the pellets
were washed three times with sterile, doubly distilled
water. After the final wash, the pellets were re-suspended
in 1 mL of water, transferred to Eppendorf tubes, and
again centrifuged at 14,400 g for 30 min. The supernatant
was discarded. The organic-free pellets and the clay-
biofilm aggregate pellets were analyzed using XRD. The
control specimens were centrifuged in the same manner as
the bacteria-clay mixture but were not re-subjected to a
Clorox bath because organic materials had previously
been removed during the clay preparation and control-
sample sterility was preserved during the experiment.

X-ray diffraction

X-ray powder diffraction (XRD) patterns, acquired at
different time periods following mixing with P. syringae,
covered a 20 angular range of 4—35° in either 0.005° or
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0.01° steps using a PW3830 X-ray diffractometer
(PANalytical Inc., Natick, Massachusetts). The integra-
tion time was 4 s per data point. The organic-free clay
pellets were transferred to either glass slides or aluminum
plates and air dried at room temperature (25°C) at ~40%
humidity. The clays mounted on glass slides were mixed
with 10 pL of Brazilian talc in aqueous suspension and
allowed to dry over several hours in order to produce and
accentuate the preferred (001) orientation (Moore and
Reynolds, 1997). Talc was used as an internal standard.
After measuring the XRD pattern of the air-dried samples,
they were solvated with ethylene glycol (EG) vapor at
60°C for 4 h. The shift in the basal reflection (dyo;) from
1.51 nm (5.87°20) to 1.70 nm (5.2°20) agreed with that
predicted for hectorite expansion (Moore and Reynolds,
1997). The XRD patterns were also evaluated relative to
theoretical smectite using the NEWMOD scattering
algorithms (Version 2.1, http://www.angelfire.com/md/
newmod/index.html). The water content was estimated by
comparing XRD patterns with NEWMOD-generated
spectra.

Scanning electron microscopy (SEM) and Energy
dispersive X-ray analysis (EDX)

In preparation for SEM and EDX, 100 pL of clay-
P. syringae mixtures were taken from the flasks after
4 days of incubation. After conventional fixation with 8%
glutaraldehyde, samples were filtered through polycarbo-
nate membrane filters (0.2 pm pore size) (Sterlitech
Corporation, Kent, Washington) to remove residues of
glutaraldehyde and minimal media. They were then
dehydrated with ethanol gradient solutions and pure
amyl acetate, followed by critical-point drying. The
samples were carbon coated to improve conductivity.
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The secondary electron emission images were
acquired using a digital scanning electron microscope
(DSM 940, Carl Zeiss, Germany). The EDX spectra were
acquired using a liquid nitrogen-cooled energy disper-
sive X-ray detector (Princeton Gamma Tech, Princeton,
New Jersey). The accelerating voltage was 15 kV.

RESULTS AND DISCUSSION

Mixtures of P. syringae and clay began producing
aggregates within 3 h. The aggregates eventually reached
diameters of 10 pym to 2 mm, consistent with previous
results for several species of bacteria (Alimova et al.,
2006). In the absence of bacteria, aggregates failed to
form during incubation periods of up to 1 week,
demonstrating that the aggregates formed involved both
the bacteria and the hectorite. A typical 20 pm aggregate,
formed after a 4-day interval, consisted of an agglomera-
tion of biofilm (EPS and encased P. syringae) and clay
(Figure la). Individual P. syringae cells (elongated
cylinders) were observed both within and outside the
EPS matrix. Unclear is whether the large number of P.
syringae cells observed on the left side of Figure la are
planktonic (isolated) cells, a component of the biofilm, or
a localized area (or cluster) of independent cells. The Al-,
Si-, and Fe-peaks in the EDX spectrum obtained using a
0.5 um beam (square shows the location in Figure la)
demonstrate the presence of clay particles encased in the
biofilm (Figure 1b).

The 001, 003, 004, and 005 basal reflections of the
oriented hectorite control (Figure 2a) fit well with the
theoretical NEWMOD model for a trioctahedral smectite
with two water layers (Figure 2b). The water content
estimated by this method was ~8.5 wt.%. The XRD
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Figure 1. (a) Secondary electron emission image of a smectite-P. syringae aggregate after incubation for 4 days. P. syringae cells
(cylindrical objects) are observed within the EPS matrix, and as possible planktonic cells (left side of image) outside of the EPS
matrix. (b) EDX spectrum of the smectite-P. syringae aggregate acquired at the location shown in (a). EDX confirms that the biofilm
aggregate contains clay particles.
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pattern of hectorite immersed in minimal media (control)
is identical to that of the clay not exposed to the minimal
media, indicating minimal interaction between the clay
and the media. Least-squares Lorentzian fitting of the
(001) reflection yielded a peak position of 5.87°20 (dgo;
= 1.51 nm) and a full width at half maximum (FWHM)
of 0.97°20 (Figure 2c¢).

The evolution of the biofilm-clay reaction over time
was monitored by acquiring the XRD pattern at 0, 1, 2,
4, 24, 72, and 168 h post-mixing (Figure 3). Within the
first 2 h of mixing, little change was observed, as
expected, because P. syringae only began to form
biofilm-clay aggregates ~3 h after mixing (Alimova et
al., 2006). Upon formation of aggregates, the clay
underwent an initial interlayer contraction and continued
to contract for 3 days, shown by a progressive shift in the
001 peak to greater 20 values. The 002 peak, which is
not evident in the aggregates at early stages, began to
appear at ~24 h, and in the present evaluation, increased
in relative intensity in longer-duration experiments. Of
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Figure 2. XRD spectra of (a) smectite control — no biofilm/
bacteria contact; (b) NEWMOD-generated scattering approx-
imation for hectorite with two interlayer water layers; and
(c) 001 peak of smectite control and single-peak, least-squares
Lorentzian fit; 26 peak position is 5.87° and FWHM is 0.97°.
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note is that the 002 peak was very weak in the
NEWMOD-generated XRD pattern for hectorite with
two interlayer water layers (Figure 2b). The 005 peak
broadened and shifted toward smaller 20 values for
aggregation times >4 h.

The pattern for the bio-reacted clay 1 week after
mixing consists of a complex peak population and peaks
that are generally broad (Figure 4a). The 001 peak
shifted significantly toward smaller 26 indicating
expansion of the clay. The reaction also created
additional peaks related to a varying degree of inter-
calation of organics into the clay. This inherently
reflects a disequilibrium condition that is best approxi-
mated by finding solutions to the expansion condition
using NEWMOD and selecting different crystal specifi-
cations. Two NEWMOD patterns, one for a smectite
with two EG layers and the other for a mixture of one
and two EG layers, approximated the peak positions
(Figure 4a) reasonably well.

The 001 peak of the 1-week, bio-reacted hectorite can
be represented as a composite of three individual 001
reflections. A 3-peak, least-squares Lorentzian fit
(Figure 4b) of the 001 peak gave peaks at 4.81°20
(FWHM: 2.52°20), 6.25°20 (FWHM: 3.01°20), and
8.73°20 (FWHM: 2.28°26). The peak at 4.81°20 represents
a maximally expanded hectorite (doo; = 1.84 nm). The
6.25°20 peak is probably from a fraction of the hectorite
that retained its original, non-expanded, water content.
The 8.73°20 ’shoulder’ is from the subset of clays which
might have retained smaller molecules in the interlayer.

Removal of organic material by a Clorox wash of the
clay-biofilm aggregates resulted in contraction of the
bio-reacted hectorite, possibly related to removal of an
interlayer polysaccharide component. Clorox washing
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Figure 3. XRD spectra acquired immediately after mixing of

smectite and P. syringae (T =0)and at 1, 2, 4, 24,72, and 168 h
after mixing.
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also contracted the EG-solvated hectorites (data not
shown) in a manner similar to that observed for biofilm
components. As can be observed in the XRD patterns of
the Clorox washed clay (Figure 5a), the hectorite
particles failed to return to a two-water layer interlayer
configuration. The 001 peak was broader and shifted to a
larger scattering angle. A two-peak Lorentzian fit of the
001 peak (Figure Sb) yielded peaks at 6.09°20 and
6.83°20 with FWHM values of 1.29°26 and 0.74°260,
respectively. NEWMOD approximations indicate that
the clay was a mixture of one and two interlayer water
layers with 6.09°20 peaks arising from grains with two
interlayer water layers and the 6.83°26 peak arising from
grains with one interlayer water layer. Washing the clay
with Clorox removed the clay’s organic matter, includ-
ing all or a substantial proportion of the biofilm. This
generated a reverse reaction that collapsed the clay to a
1- and 2-molecular water layer condition. This is
consistent with the partial rehydration of a subset of
the clay grains. The disappearance of the expanded peak
at 4.81°20 and the 8.73°20 ‘contracted shoulder’ after
Clorox washing is strong evidence that their origins were
organic interlayer material.

CONCLUSIONS

Biofilm formation is accompanied by the secretion of
molecules and macromolecules which remain in the
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Figure 4. (a) XRD spectra of biofilm-reacted clay and NEW-
MOD-generated scattering spectra for hectorite with two
ethylene glycol (EG) and mixed 1- and 2-EG interlayer layers.
(b) 001 peak and three-peak, least-squares Lorentzian fit. The 26
peak positions for the three components are: 4.81° (FWHM:
2.52°), 6.25° (FWHM: 3.01°) and 8.73° (FWHM: 2.28°) and
shown in (b) as dashed lines.

Bacteria-clay aggregates

209

vicinity of the associated cells (Davey and O’Toole,
2000). Clay in suspension approximates the size of
bacteria and, in the present case, facilitates biofilm
formation (Alimova et al., 2006). Initially, the biofilm-
secreted molecules interact with the clay, replacing two
interlayer water layers with small organic molecules.
This results in a net contraction along the 001 basal
plane of the clay. After longer time intervals, the clay
expands, apparently responding to the replacement or
addition of larger polymeric groups as more complex
biofilm components are produced. The initial process of
contraction, followed by the subsequent expansion, is
illustrated schematically in Figure 6. The removal of
organic material by treatment with Clorox results in a
contraction of the clay as water is re-adsorbed,
confirming that the interlayer material is organic in
nature (one water layer is represented in Figure 6D). The
evolution of biofilm and its organic component is a
causal agent in the production of organo-clays.

The XRD analysis demonstrates that biofilm has a
profound effect on the physical structure of the clay,
resulting in the expansion and contraction steps
observed, strongly suggesting that cell-derived organic
compounds readily transit in and out of the clay structure
and influence the complex communication or signaling
steps (quorum sensing) that are widely discussed as
important features of the evolution of biofilms in natural
bacterial colonies.

Evidence suggests further that the interactions
between bacteria and clay particles are beneficial to
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Figure 5. (a) Biofilm-reacted clay after removal of organic
material by Clorox washing, and NEWMOD-generated scatter-
ing patterns for a hectorite with one and two interlayer water
layers. (b) 001 peak and two-peak, least-squares Lorentzian fit
to the 001 peak.
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Figure 6. Time evolution of the smectite-biofilm interaction. Hectorite with two interlayer water layers (A) initially contracts during
biofilm formation as small organic molecules secrete into the interlayer (B). Eventually, the secretion of polysaccharides into the
interlayer expands the clay (C). Subsequent removal of organic material by Clorox contracts the clay (D) as water is partially

reabsorbed back into the interlayer.

bacteria. For example, the ability of microbes to survive
long-range transport during dust storms (McCarthy,
2001; Taylor, 2002; Griffin et al., 2001; Griffin et al.,
2003; Ruiz-Conde et al., 1997) would indicate that
adherence to dust clay particles may protect bacteria
against dehydration and ultraviolet light. Studies have
shown that clay minerals protect DNA from damage due
to UV exposure (Bitton et al., 1972; Scappini et al.,
2004). Clays can also act as a source of minerals and
cations (e.g. Mg?", Ca®", Fe*", Li"). Bacteria are known
to extract Fe(Ill) from clays (Stucki et al., 1987; Kostka
et al., 2002; Stucki and Kostka, 2006). Iron reduction by
bacteria impacts the surface chemistry of the clays,
reducing swelling pressure and decreasing surface area
(Kostka et al., 1999). This decrease in the ability of
hectorites to swell results in a collapse of the clay
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Figure 7. Position of 001 maxima at different incubation times
for P. syringae-smectite clay mixtures. Aggregation begins at
~3 h.

interlayer (Stucki et al., 2000). On the other hand,
aluminum toxicity may inhibit some species of bacteria
from adhering to minerals with extractable aluminum
(Bulson et al., 1984; Pina and Cervantes, 1996). The role
of Al- and Fe-rich silicates in the attachment of
microbial cells to mineral surfaces has been explored
(Roberts, 2004). The large surface area of clay particles
promotes surface adhesion and clumping of bacteria
(Vieira et al., 2001). Clay sediments have been shown to
enhance survival rates for several different species of
enteric bacteria in fresh water (Burton et al., 1987).
Recent work on the promotion of biofilm formation by
clay particles demonstrates that the smectite-bacteria
interaction increases bacteria viability for several
different species (Alimova et al., 2006).

The clay interlayer contraction observed could be the
result of the incorporation of small organic molecules
(e.g. amino acids, nucleic acids, monosaccharides) in the
interlayer space. Contraction in vermiculites, caused by
aliphathic amides, has also been observed (Ruiz-Conde
et al., 1997).

The initial contraction period is proposed to have
eventually been replaced by an interlayer expansion
related to the production of polysaccharides in the
biofilm matrix. These large polymeric species are thus
exuded into the clay interlayer during later stages of the
reaction series. The contraction and expansion cycle is
observable as changes in the 20 position of the 001 peaks
as a function of aggregation time (Figure 7). Ethylene
glycol solvation results in the characteristic negative
shift in 20 (spectra not shown), indicating expansion of
the interlayer, and confirming that the clay aggregates
remain smectitic.
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