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ABSTRACT

A seriesof column experiments were performed using different bacterial inoculation scenariosto
maximizethe TCE-degrading potential of amulti-species biofilm. The single-species popul ation dynamics of
Burkholderia cepacia PR1 pT OM 31c, a T CE-degrading microorganism unableto form asignificant biofilm,
were examined and compared to those of a dual-species population containing both B. cepacia and Klebsiella
oxytoca, astrong biofilm-forming microorganism. These experimentswere performed to determineif adual-
species TCE-degrading biofilm could be established in porous media. The resultsindicate that B. cepacia was
able to persist throughout the porous media columns as part of a single- and dual-species population. The
presence of K. oxytoca did not adversely affect B. cepacia in the porous media columns. The method of dual-
speciesinoculation, B. cepacia before, after, or simultaneously with K. oxytoca, did not have a significant
effect on the B. cepacia cell numbers.
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INTRODUCTION

Themigration of contaminantsfrom ahazardouswaste siteisof concernfor the protection
of downstream resources. Aninnovative solution to prevent contaminant migrationin groundwa-
ter isthe use of subsurfacebiofilm barriers(biobarriers). Thesebiobarrierscan manipulate soil
hydraulic conductivity to alow for varying degrees of groundwater penetration, thusenabling the
containment or diversion of acontaminant plume. Thesebiobarrierscan beappliedinthefield by
injecting starved bacteriaand then nutrientsinto aseriesof shallow wells. Sufficient amountsof
nutrientswoul d be added after bacterial inocul ation to produce overlapping columnsof soil in
which the pore spaceisvirtualy sealed by bacterial growth and EPS (extracel lular polysaccha-
ride) production (Costerton, 1994). Research performed at the Center for Biofilm Engineering
(CBE) hassuccessfully demongtrated thefeasibility of using thick biofilmsasasubsurface
biobarrier at the bench scale (Cunningham et al., 1991; Warwood et al., 1995; Jameset dl.,
1995b; Cunninghamet d., 1997; and Komloset a., 1998) and afiel d-scale demonstrationis
currently underway.

A devel oping, advanced application of the biobarrier technology isthe use of reactive
bacterial populationsto producereactivebiobarriers. Reactivebiobarrier technology offersa
meansof degrading acontaminant whiles multaneoudy reducingitsmigration. Sincerecacitrant
compounds, such astrichlororethylene (TCE), show little natura attenuation, the devel opment of
aTCE reactivebiobarrier could|ead to asignificant advancement in bioaugmentati on technol ogy.
Reactive biobarriers can be developed intwo ways:. 1) using asingle bacterial populationto
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reducethe soil hydraulic conductivity and smultaneoudy degrade the contaminant; and 2) using two
speciesto devel op areactive barrier, one speciesto produce the biofilm and reduce the hydraulic
conductivity, the other speciesto carry out the desired reaction(s). Thesingle speciesmethod
requiresthat the bacterial popul ation produces copiousamountsof biofilmwhilecarrying out the
desired reaction. Thedual-speciesreactive biobarrier would offer the opportunity to separately

sel ect for microorganismswith specific characteristics (biofilm formation or contaminant degrada-
tion) and combinetheminto asinglebiofilm capableof performing multiplefunctions.

Anunderstanding of how bacteria speciesinteract inamulti-speciesbiofilmisimperativefor
the successful implementation of adual-speciesreactive, reduced-permeability biobarrier. Itis
important that one organism does not compl etely out-competethe other. Banksand Bryers(1991)
and Sturman et a. (1994) reported that ami croorganism’sgrowth rate playsanimportant rolein
multi-speciespopul ation dynamicsinabiofilm, with thefaster growing microorganismhavinga
competitive advantage over thed ower growing microorganism. However, Siebel and Characklis
(1991) observed that factors other than growth rate may influence spatial distribution of cellsand
relativecell numbersinbiofilms. It wasconcluded by Jameset a. (1995a) that multi-species
interactionsinabiofilm can beafunction of the microorgani sms present, the substratum themicro-
organismsare attaching to, aswell aseach microorganism’sphysiologica parameters. For this
reason it wasimportant to perform preliminary experimentsexamining thefeasibility of combininga
TCE-degrading microorganism and athick biofilm-forming microorganismin adual -speciesenvi-
ronment inwhich both speciesare present in significant numbers.

The TCE-degrading organism used in thisexperiment is Burkhol deria cepacia PR1-
pTOM31cand it hasbeen observed to not persist well in aporous mediaenvironment (Sharp,
1995). Banksand Bryers(1992) observed that abacteria speciesdepositsfaster to abiofilmthan
to clean glass beads, even when the biofilm wasthat of another microorganism. Drury et d. (1993)
also observed that biofilmsare significantly porousfor bacteria-sized beadsto become entrapped
and could provide amechanism to envel op other bacterial cells. Therefore, thefollowing questions
wereaddressed: 1) Could amucoid bacteria speciesprovideathick biofilm matrix enabling the
non-mucoid TCE-degrading population to persist in aporous mediaenvironment?and 2) Could a
particular method of dual-speciesinocul ation increasethe TCE-degrading popul ation in aporous
mediaenvironment? Power et al. (1998) observed that the method of inoculation could influence
thesurviva and persistence of another bacterial cultureintroduced into amulti-speciesbiofilm. This
research set out to determineif the presence of athick biofilm-forming bacteria speciescould
provide amechanism to increase the popul ation numbers of anon-mucoid, degradativeorganismin
aporous mediaenvironment. Thisresearchwill aso describetheeffectsof different inoculation
scenarios on the popul ation dynamicsof adua-speciesbiofilminaporous mediaenvironment.
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MATERIALSAND METHODS

Bacterial Strains

Thebacterial isolates used for this experiment were Burkholderia cepacia PR1-TOM31c
and Klebsiella oxytoca. B. cepaciaisan aerobic bacterium that can constituatively degrade TCE
in cometabolic processes us ng thetol uene ortho-monooxygenase (TOM) pathway (Shieldsand
Reagin, 1992). Thegeneticinformationfor the degradative pathway islocated on the plasmid,
pTOM31c. Theplasmidaso encodesfor theres stanceto the antibiotic, kanamycin, whichwas
used for selection of B. cepacia. Sharp (1994) indicated that many attemptsto grow abiofilmusing
apurecultureof B. cepacia on different typesof porous media(glassbeads, diatomaceousearth
pellets, inert silicapacking, and oyster shells) were unsuccessful. Becauseof itsability to degrade
TCE and not form athick biofilm, B. cepaciawas chosen asthereactive, non-mucoid bacteria
grainfor thisexperiment.

K. oxytocaisafacultative anaerobic bacteriumisolated froman oil field (MacLeod et al .,
1988). Itsahility toformthick biofilmsmadeit anidea candidatefor useasthemucoid organismin
the dual-speciesexperiments. K. oxytocawas selected for utilizing itsresistanceto theantibiotic,
streptomycin. Batch reactor studiesindicatethat K. oxytoca hasasignificantly faster growthrate
than B. cepacia.

Bacterial Isolation and Characterization

Selective and non-selective nutrient agar plateswere used to characterizethe dual-species
population dynamics. B. cepaciawasselected for using either modified Luria-Bertani (LBG) agar
plates amended with kanamycin (10g tryptone, 59 yeast extract, 5g NaCl, 1g glucose, and 179
Bacto-agar per liter of distilled water with 0.05g/L kanamycin added 45 minutesafter autoclaving)
or phenol agar platesamended with kanamycin (15g Bacto agar per liter of hydrocarbon minimal
medium (HCMM 2) with 94.1mg phenol and 50mg kanamycin added 45 minutes after autoclaving).
HCMM 2 mediacontains 2.84g of sodium sulfate (Na2S04), 1.37g ammonium chloride (NH4CI),
1.515g potassium phosphate monobasi ¢ (KH2PO4), 1.58g sodium phosphatedibasic
(Na2HPO4), sodium hydroxide (NaOH) ~ pH 7.2, 0.01125g calcium chloride (CaCl2), and
0.0967g magnesium chloride (MgCl2) per liter of nano-purewater. K. oxytoca was selected for
using Brain Heart Infusion (BHI) agar plates amended with streptomycin (4g BHI mediaand 159
Bacto agar per liter of distilled water with 0.1 g/L streptomycin sulfate added 45 minutes after
autoclaving). R2A wasused asthe non-sel ective nutrient agar platesto determinetotal cell numbers
and provideatota cell balance.

I noculum Preparation
In order to prepareaviable, TCE-degrading culture of B. cepaciafor inoculationinto the
batch reactor or porous mediacolumn, aB. cepacia colony wastransferred from aphenol/kanamy-
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cinagar plateto aL BG/kanamycin agar plate and incubated for 48 hours. A colony fromthe LBG/
kanamycin plateisthentransferred to 100ml LBG broth (without kanamycin and agar) and incu-
bated for 18 hoursat 36°C on ahorizontal shaker (150 rpm). Oneml of thiscultureistransferred
to 100ml fresh LBG broth and incubated for 18 hoursat 36°C on ahorizontal shaker (150 rpm).

K. oxytocawasgrown on aBHI agar plate amended with streptomycin. A colony was
transferred to a100ml LBG broth and incubated at 36°C on ahorizontal shaker (150 rpm). After
18 hours, 1 ml istransferred to 100ml fresh LBG broth and incubated for 18 hoursat 36°C ona
horizontal shaker (150 rpm).

Dual-Species Batch Experiment

Oneml of each growth culture (B. cepacia and K. oxytoca) wastransferred to 100ml of
LBG broth. Thedual-species culturewasincubated at 36°C on ahorizontal shaker (150 rpm).
After 18 hours, the concentration of each specieswas determined by spread agar platingona) LBG
with kanamycin (B. cepacia), b) BHI with streptomycin (K. oxytoca), and ¢) R2A (total).
Column Reactor Design and Operation

A seriesof 2.54 cm diameter, 25.4 cmlong stainless steel columnswere constructed and filled
with Imm glassbeads (Figure 1). Metal screenswere positioned on both endsof each columnto
contain the glass beads and the ends of the columnswere sealed with rubber stoppersfitted with
glasstubeswhich enabled connectionto siliconetubing (size 14) leading to and from the column.

Continuous nutrient addition (1:100 diluted L BG broth) was supplied tothecolumnusing a
peristaltic pump supplying flow at arate of Iml/min. Flow rateswere determined using agraduated
cylinder and stopwatch. Bacteriawere added to the columnsthrough syringeinjection at theinfluent
of the column and flow was stopped for 12 hoursafter inoculation to allow the microorganismsto
attachinitially totheglassbeads. Flow breakswere situated upstream and downstream of the
columnto prevent bacterial contamination of the columnsand nutrient reservoir. Effluent samples
from each column weregrown on selective and non-selective agar platesat varioustimesthroughout
each experiment toindirectly monitor cell activity inthecolumns.

Methods of Inoculation

Using these columns, three experiments addressed theinitia establishment of areactive
population inadual-speciesbiofilm. Experiment #1 involved theinjection of two porevolumes
(50ml) of B. cepacia cultureinto the column. After three daysof nutrient addition, two pore
volumesof K. oxytoca culturewereinoculated into the column. Five dayslater, thecolumnwas
destructively sampled to determinethe number of thetwo bacteria populationsthroughout the
column. Theseresultswere compared to experiment #2 (K. oxytoca culturewasinjected prior to
B. cepacia culture) and experiment #3 (S multaneousinjection) to determinewhichinoculation
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method provided the highest fraction of thereactive popul ation.

Sampling of Columns

Fivedaysafter theinjection of the second bacterial species, the columnsweredestructively
sampled and glass beads (~10 grams) wereremoved from the beginning, middle, and end of each
column. Thebeadswere placed in atest tube containing 156ml of Phosphate Buffered Saline (PBS)
solution (8.7g of NaCl, 0.4g KH2PO4 and 1.23g K2HPO4 per liter of distilled water) and
vortexed (bead-bashed) to removethe bacteriafrom thebeads. Microscopic analysisof theglass
beadsindicated theremoval of themgjority of the bacteriafrom the bead surface (datanot shown).
The supernatant was removed and homogenized for 30 secondsto separatethebiofilm cells. From
thissolution, the appropriate spread plate countswere performed.

RESULTSAND DISCUSSION

Resultsfrom the dual -speci es batch experiment showed that the Burkhol deria cepacia
popul ation was out-competed by thefaster growing Klebsiella oxytoca cellsand contributed to
lessthan one percent of thetotal dual-speciespopulation (Figure 2). The B. cepacia populationin
adual-species culturewas almost two orders-of-magnitude smaller than the B. cepacia population
inasingle-speciesculture. The presenceof K. oxytoca had adetrimental effect on B. cepaciain
the batch reactor.

Thefirst set of column experimentswas performed to determineif K. oxytoca would also out-
compete B. cepaciain abiofilm growth environment. Two porous mediacolumn reactors(Figure
1) wereset up in paralel andinocul ated with either asingle-species culture of B. cepaciaor adual-
speciesculture of B. cepaciaand K. oxytoca. Figure 3 showsthat B. cepaciaisableto persistin
aporous mediaenvironment asasingle cultureand aspart of adual specieshiofilm. Theconcen-
tration of B. cepaciain the dual-species column was comparableto that of B. cepaciainasingle-
speciesculturefor thefront and back of the column; however, an order-of-magnitudelesswas
recorded inthe middle of the column. The concentrationsof B. cepacia ranged between 4.9 x 106
and 2.0x 108 CFU (colony forming units)/g glass beadsfor both the single- and dual-species
inoculetions.

Thenext set of column experimentsinvestigated theeffectsof different dual-speciesinoculation
scenariosonthe bacteria population distribution in aporous mediaenvironment. Inthefirstinocu-
lation scenario, B. cepacia wasintroduced into the column first and allowed to col onize the porous
medium for three daysbefore K. oxytoca wasintroduced. 1nthe second inoculation scenario, K.
oxytoca wasintroduced and allowed to col onize the column before B. cepaciawasadded. The
thirdinocul ation scenario involved the smultaneousinjection of both cultures. Each columnwasfed
nutrientsfor five daysafter theinjection of the second culture and then destructively sampled. The
resultsindicate that the method of inoculation did not have asignificant effect on thereactive popula-
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tioninadua-specieshiofilm (Figure4). Thesmultaneousinoculation provided the highest fraction
of reactive bacteriaaveraged throughout the column. Using s multaneousinoculation, 59% of the
column’stotal population consisted of B. cepacia, compared to 24% and 22% for theinoculation
scenarios#1 and #2, respectively. Thischangein percent of reactive populationisaresult of
fluctuationsin the number of mucoid bacteria (datanot shown). It should be noted that al of the
inocul ation scenariosfor the porous mediacol umn provided significantly higher reactive popul ation
percentagesthan observed in the dual-species batch reactor experiments. Inaddition, the B.
cepacia concentration was cons stently lower inthemiddle of the column than at theinfluent and
effluent of the column for the dual-speciesinocul ations, whilethe B. cepacia concentration was
highest at theinfluent and decreased throughout the column for the single-speciescolumn (Figures 3
and4). No explanationfor thisobservation can begiven at thistime.

CONCLUSION

A TCE-degrading organism (Burkhol deria cepacia), that was out-competed by the faster
growing, thick biofilm-forming organism (Klebsiella oxytoca) in abatch reactor, was ableto persist
and flourishinabiofilmenvironment aspart of asingle cultureor in combination with K. oxytoca.
Themethod of inoculation (reactive culture before, after, or smultaneoudy with thethick biofilm-
forming culture) did not have asignificant effect on the B. cepacia numbersthroughout the porous
mediacolumn. The presence of themucoid bacterium, K. oxytoca, did neither significantly enhance
nor inhibit the presence of the TCE-degrading organismin abiofilm. The described experiments,
however, provided valuableinformation on how two bacteriainteract in aporous mediaenviron-
ment. Theresultspresented will enable usto advancethereactive, reduced-permesability biobarrier
researchfurther.
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Figurel. A constant-flow porous mediacolumn (25.4 cmlong, 2.54 cmin diameter, filled with 1
mm glass beads) wasinocul ated with either asingle-speciesbacteria population (reactive aone) or
adual-speciesbacterial population (reactive and mucoid) to determineif areactive, non-mucoid
bacteria population can exist in aporous mediaenvironment.
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Figure?2. Population dynamicsof B. cepacia, aTCE-degrading organism, inasingle- and dual-
species(with K. oxytoca, amucoid organism) culturein abatch reactor. The presenceof K.
oxytoca significantly reduced the B. cepacia concentration compared to amono-culture of B.

cepacia.
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Figur e 3. Population dynamicsof the TCE-degrading organism (B. cepacia)throughout the porous
mediacolumn. B. cepaciawas ableto persist in aporous mediaenvironment asasingle cultureand
aspart of adual-speciesculturewith K. oxytoca, the mucoid organism.
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Figure4. Resultsof different inoculation scenarioson the TCE-degrading (B. cepacia) bacteria’s
population dynamicsin aporous mediacolumn. Themethod of inoculation, B. cepacia before,
after, or smultaneously with K. oxytoca (mucoid organism), did not have a significan effect onthe
TCE-degrading bacteria sconcentration througout the column.
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