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Abstract

One of our main objectives is the identification of key genes necessary for biofilm
formation and maintenance, and these data will provide insight into cellular responses
to heavy metals when cells are grown as surface-adhered populations. Desulfovibrio
spp. are model SO4-reducing bacteria (SRB), and recent work has observed
Desulfovibrio spp. at field sites contaminated with chromium and uranium. SRB
biofilms have been shown to reduce heavy metals, but little is known about the
cellular events that lead up to biofilm formation and development in SRB, including
the cellular material and gene products used to promote and maintain cell adherence
under sulfate-reducing conditions. Biofilm formation was observed on glass slides
submerged in a CDC reactor that contained a defined medium and a dilution rate of
y 0.09 h-1. fig levels of car were not detected in
biofilms grown in continuous mode, and less than 2 ug/cm2 of carbohydrate was
detected at any stage of biofilm growth tested.  Biofilms cultivated in batch and
continuous culture appeared similar, and both biofilms contained long filaments
interconnected between the cells and the surface. The images revealed a monolayer of
cells, and the biofilm maintained a constant cell number throughout cultivation. The
filaments remained throughout the cultivation of the biofilms, and our recent results
suggested that the extracellular filaments were flagella. Transcriptomic analyses of
the biofilm cells revealed that most up-expressed genes could be classified in the
COG categories of energy production and conversion, followed by signal transduction
mechanisms, cell motility, secretion, and hypothetical proteins. With respect to
flagella, D. vulgaris has six putative flagellin proteins, but only one novel putative
flagellin was up-expressed in biofilm cells compared to planktonic cells. D. vulgaris
ATCC 29579 (wild-type) and three mutants, AflaG, AfliA, and AMP were grown in
batch mode in a defined medium with lactate and sulfate and biofilms were allowed
to form on glass slides. Initial results indicated that AflaG mutants were motile, while
the AMP and AfliA mutants were deficient in motility. The filaments, possibly a form
of modified flagella, were present within wild-type biofilms but fewer were seen in
AflaG, and were almost completely lacking in the AfliA and AMP mutants. Crystal
violet staining revealed that AflaG, AfliA, and AMP mutants produced 5-fold, 2-fold,
and 3-fold less biofilm compared to the wild-type, respectively. In addition,
transcriptomic analysis indicated that flaG was the only novel flagellin that was up-
expressed in biofilm cells compared to planktonic cells. The data indicated that D.
vulgaris Hildenborough biofilms had unique gene expression patterns compared to
both exponential and  stationary-phase cells, that biofilms maintained simple,
, and that a fi matrix was not required for biofilm
formation or maintenance. In addition to initial attachment, unique flagella appear to
be involved in biofilm maturation and stability.

INTRODUCTIO

Biofilms are characteristically thought to be a microbial population embedded within an exo-
polysaccharide (EPS) matrix adhered (© a surface. This concept is derived from well studied
pathogenic organisms such as aeruginosa, aureus, and

coli. Studies on the structure and function of biofilms have been limited and little rescarch as been
done on environmental isolates. Recent work has shown that surfaces are colonized when placed
down-well at contaminated sites (Reardon et al., 2004), and these results indicated that in situ
microorganisms have the ability to adhere to surfaces. Regardless of the terms used, subsurface
sediments contain bacterial populations, and these populations are associated with the porous
medium. In fact, multiple studies have shown that redox transformations of uranium and other
metals are controlled by kinetic factors that are strongly influenced by microbial activity, and it is
the microbes that are associated with the subsurface matrix that pose challenges in manipulating
andlor predicting the mobility and fate of heavy metals in complex and heterogeneous
environmental settings (Suzuki and Suko, 2006). Whether microbial growth associated with the
subsurface sediments is desired (bioreduction) or deleterious (aquifer clogging), the surface-
associated populations represent a portion of the system that we know the least about. Here we
begin to reveal some of the structural features of the biofilm produced by the model SRB,
Desulfovibrio vulgaris, under metal reducing conditions. Our results show that D. vulgaris
produces a biofilm that is dependent upon protein and not an EPS. Data indicated that the protein
filaments are flagella and these flagella appear to be important not only in biofilm initiation, but
also in maturation

Growth: D. vulgaris ATCC 29579 was grown on LS4D which contains 60mM lactate as the carbon and
energy source and SOmM sulfate as the electron acceptor. Batch growth occurred in Hungate tubes filled with
10mL of LS4D. Biofilms were grown on glass slides or silicon oxide TEM grids that were submerged in the
‘medium before sterilization. Continuous culture growth occurred in a CDC reactor containing 400 mL of
LS4D that was continuously sparged with nitrogen. Cultures were started with 2.5% inocula. Cultures were
allowed to grow for 24h. At 24h, LS4D was pumped into the system at a flow rate of 0.48ml/min. Sterile
glass slides were submerged into the culture at this time to allow biofilm to form. Samples were taken
approximately 12h apart over the time course for carbohydrate measurements and SEM. Samples were taken
at 70h for transcriptomic analysis.

Carbohydrate and Protein Measurements: Colorimetric assay were used to measure levels of protein and
carbohydrate in planktonic and biofilm samples. The Lowry assay was used to determine protein levels with
BSA as the standard. Hexoses, pentoses, and uronic acid was measured by the cysteine-sulfuric acid assay,
the xylose assay, and the carbazole method, respectively.

Biofilm Visualization: Biofilms were quantified using 0.1% crystal violet solution and destained with an
ethanol:acetone (80:20) solution. The ODyy, was determined from this solution and the ratio of ODsg/ODqgy
was calculated.

Direct Count: Biofilm samples were removed over time, rinsed 1X with S0mM PBS pH 7.2, and scrapped
into a 2% vol/vol formaldehyde solution. Samples were placed in a filter tower and incubated with acridine
orange () for 4 min. Samples were then vacuumed onto a black Nuclepore polycarbonate filter (0.2um) and
rinsed once with 3 ml of ddH20. Filter was transferred to a microscope slide and viewed with an Olympus
AX-70 Multimode Microscopy Systern.

Transcriptomic analysis: Three biofilm samples (3 slides each) were scrapped into Iml ice cold PBS pH 7.2,

leted via centrifugation and snap frozen with liquid nitrogen. Three Planktonic samples (60ml each) were
collected, chilled to -20°C, pelleted via centrifugation, and snap frozen with rogen. These samples
were used for transcriptomic analysis using whole genome chips for Desulfovibrio vulgaris (done by our
collaborators at the University of Oklahoma). Results are based against planktonic expression.

Scanning electron microscopy (SEM): SEM was done on biofilms from batch and continuous culture growth.
Glass slides with adhered biofilm were rinsed 1X with S0mM PBS pH 7.2 and then aldehyde fixed (2.5%
wiivol gluteraldehyde, 2.0% wt/vol paraformaldehyde, 0.05M sodium cocadylate buffer pH 7.0) overnight.
Samples were rinsed 4X with ddH20 and ethanol dehydrated. Sample were then dried at the eritical point
with CO2 and sputter coated with gold (20nm). Silicon oxide TEM grids containing biofilm growth were also
analyzed. One grid was prepared as described above. A separate grid with biofilm growth was rinsed 1X with
S0mM PBS pH 7.2 and stained with ammonium molybdate (1.5% wt/vol) and viewed. Samples were viewed
ona Zeiss Supra 35 FEG-VP SEM.

Transmission electron microscopy (TEM): TEM was done on planktonic cells and on biofilms grown upon
silicon oxide TEM grids. Planktonic cells (I ul) was dropped on- collodion coated nickel TEM grids and
allowed to settle. Grids were then rinsed 1X with 1 l H20 and stained with either ammonium molybdate
(1.5%w/vol) or uranyl aceate (2% wi/vol). Silicon oxide TEM grids with biofilm formation were process as
described above. Samples were viewed on a JEOL 1003 TEM
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Crystal violet staining of
biofilms formed on glass
slides  submerged in
LS4D medium. SEM
images show 30 h old
biofilms grown under
batch conditions.

D. vulgaris biofilms were analyzed for the
presence of various sugars. Little carbohydrate
is measured or observed within wild-type
biofilms. Biofilms were 30 h old under batch
conditions.

Crystal violet staining of D. vulgaris biofilms
for wild-type and mutants grown under batch
conditions. Al the mutants were affected to
some degree in biofilm form:

SEM and TEM images of D. vulgaris biofilms grown directly on silicon oxide TEM grids. Biofilms
shown in A and C are stained with ammonium molybdate while B and D are biofilms that were
aldehyde fixed and dehydrated with ethanol and critical point drying. Images A and C reveal the
characteristic sinusoidal wave like structure of flagella. These filaments, when fixed and dehydrated,
appear more rigid (B and D) and remain in tact even when the film beneath is broken and displaced.

Transmission electron
images of D. vulgaris mid-
v log phase planktonic cells
. grown in LS4D broth.
Wild-type, AflaG, AfliA,
! and AMP cells were
stained with ammonium
molybdate. Arrows point
% to flagella present.
Motility of wild-type and
AflaG AMP D. vulgaris via
motility agar plates.

Wild-type

AMP

RESULTS
Continuous Mode

Growth of D. vulgaris -
within a CDC reactor.
Holders were modified i
to hold glass slides. q
SEM images show
biofilms formed upon
glass slides submerged
in the medium.

Protein and carbohydrate levels during o e e 00 e e
D. vulgaris growth and biofilm
development under continuous culture.
Planktonic protein
Planktonic carbohydrate
Biofilm protein

Biofilm carbohydrate

Protein and carbohydrate levels of cells grown under continuous culture conditions
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the uniqueness of the biofilm expression pﬂllems

Transcriptomic analysis of D. vulgaris biofilm cells compared to the corresponding planktonic cells
Colors represent different COG categorics. Major up-expressed categorie include energy production

Fe include energy
0 acid synthes

Cluster analysis of transcriptomic expression patterns between biofilm cells and planktonic
cells throughout growth when genes with expression ratios above or below 1.75 were
considered. Based upon distances, the bmflm cells were just as different from stationary-
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Different electron transfer systems in biofilm cells

Time | Protein (ug/ml) | Carbohydrate Time Protein Carbohy ro prewe e ‘The putative por genes encode a large
() | (Planktonic) (ug/ml) (h) (ug/em?) | (ug/em?) (Biofilm) (1215 aa), multi-domain protein whereas
(Planktonic) (Biofilm) DVU3025 por 309 the 00 genes encode for putative subunits
2 1156 134 2 16.16 0474 DVU3027 gleD 206 of a multi-meric protein; however, both
DVU3030 e are predicted to catalyze the TPP-
49 2585 282 49 927 0884 DVUZ286 = mediated decarboxylation of pyruvate to
73 2585 27 7 14.09 151 VU Py acetyl-CoA. The aliered expression may
result from different regulatory features of
97 350.9 315 87 681 0978 DVU2289 00X he different PFOs under different
111 201.8 26.85 DOEED ool conditions of carbon flow.
DVU2291 cooH
DVU291 hypA ‘The c00 genes encode for putative
e o subunits of a NADH
SEM images of D. vulgaris biofilm grown in continuous culture mode. Samples were DVUISH o) i system that
collected, fixed, and CPD every 12 h to monitor biofilm formation. Images represent part VU1 o function as a complex I during electron,
of the time course and show that D. vulgaris does maintain filamentous structures in later transport from NADH to the quinone pool.
time points during chemostat growth. DVUI946 oorly The rnf genes encode for a putative
DVU2792 niC NADH plex, an
DVU2793 niD members of this protein family are known
DVU2794 G to transfer electrons to nitrogenase in R.
capsulatus or redox sensors in E. coli. The
DVU2795 fE. .
respective up- and down expression of
DO A these electron transfer systems indicated
DVU2797 i that electron flow is altered in biofilm
DVU2798 apbE cells compared to both exponential- and

stationary-phase cells.
Oceanobacillus iheyensis
Clostridium acetobutylicum Hag
Geobacillus kaustophilus HTA426 Hag
Themosnserobacte engoongenis lgL2
nema denticola 35-
Treponema pallidum Pt
Treponema denticola 35405 FlaB3
Carboxydothermus hydrogenoformans Z-2901 Hag
Symbiobacterium thermophilum IAM 14863 FIiC
Geobacter metallireducens
Bdellovibrio bacteriovorus HD100 Hag
Desulfuromonas s
Nitrosomonas europaea 19718 Hag.
Pseudoalteromonas halcplankus TACI25 FliC
Pseudomonas fluorescens PfO-1
DVH flaB1
G20 flaBl

Tree based upon predicted
peptide sequences of putative
D. vulgaris flagellin genes and

DvH FlgL closest orthologs in other

L
O G20 HAP

VIMSS | GeneID | Name Description Expression | Z-score psen TR sequenced genomes. Results
mon
206885 | DVUI441 | flaBI Flagellin 0.55 093 e 's:‘o“:; flaB1, flaD, flgL, and
206886 | DVUI442 | NA flagellin FlaG, putative 134 236 N S Tk BES awe dlsply wlicd
i genes in D. desulfericans G20.
207556 | DVU2082 | flaD flagellin putative 036 0.58 G20 sra 186 is unique to DVE, G20,
P a , G20,
207937 | DVU2444 | flaB3 flagellin 0.23 036 DvH FlaG and N. europaea.
208458 | ORF03856 | NA | bacterial flagellin N-terminal NA NA
domain protein
209458 | DVU0520 | NA | flagellar hook-associated protein | -0.02 003
FleL. putative This work was funded by the Environmental

Expression of flagellin anotated genes within biofilm cells. Data indicated that one unique
flagellin gene, flaG, is up-expressed.

Remediation Sciences Program under the U.S.
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