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ABSTRACT

Microbialy produced surfactants have been studied for microbially enhanced oil recovery (MEOR)
and the bioremediation of hydrocarbons. However, most of these studies have used biosurfactants produced by
one of asmall number of pure-culture microbesisolated in alaboratory. In previouswork, we determined that
bi osurfactant-producing microorganisms were naturally present at two hydrocarbon-impacted sites. Inthis
study, we examine the preva ence of biosurfactant producers in uncontaminated soils. Biosurfactant-producing
bacteriawere found to constitute a significant proportion (up to 35%) of aerobic heterotrophs. Biosurfactant
producerswere isolated. Isolateswereidentified primarily as strains of Bacillus and Pseudomonas.
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INTRODUCTION

Biosurfactantsaremicrobially produced
surface-active compounds. They are
amphiphilic moleculeswith both hydrophilicand
hydrophobic regions causing themto aggregate
at interfacesbetween fluidswith different
polaritiessuch aswater and hydrocarbons
(Banat, 1995a; Fiechter, 1992; Georgiou,
1992; Kosaric, 1993; Karanth et al., 1999).
Thesebiomoleculesmay a so decreaseinterfa
cia surfacetension (Lin, 1996; Shafi and
Khanna, 1995; Rouseet al., 1994; Volkering et
al.,1998; Fiechter, 1992; Georgiou et a., 1992;
Karanthetd., 1999). Although thefunction of
bi osurfactantsin microorganismsisnot fully
understood, it isknown that these secondary
metabolites can enhance nutrient transport
acrossmembranes, act in various host-microbe
interactions, and providebiocidal and fungicidal
protection to the producing organism(Lin,
1996; Banat, 1995a; Banat,1995b).

However, itistheability of the
biosurfactant producersto reduceinterfacial
surfacetension, which hasimportant tertiary oil
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recovery and bioremediation consequences
(Lin, 1996; Rouseet al., 1994; Volkering et al .,
1998). Many of theknown biosurfactant
producersarea so hydrocarbon-degrading
organisms(Rouseet d., 1994; Willumsenand
Karlson, 1997; Volkering et al ., 1998).

Inthe past decade, many studieshave
reported the effects of microbially produced
surfactants on bioremediation and enhanced oil
recovery (Jack, 1988; Jenneman et al., 1984;
Volkeringetd., 1998). However, these studies
typicaly involved asinglemicrobe or group of
microbesisolated and identifiedin alaboratory
and then applied to either ex situ soil core
experimentsor injected into existing oil reser-
voirsfor observation. Inaddition, themgjority
of thesestudiestesting for enhanced
biosurfactant production or hydrocarbon
recovery were conducted with only afew
speciessuch asBacilluslicheniformisstrain
JF-2, Bacillus subtilis, or Pseudomonas
fluorescens (Adkinset al., 1992; Banat, 1995g;
Banat, 1995b; Lin, 1998, Mclnerney etd.,
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1990). Few studies, though, have evaluated the
presenceof natural, indigenousbiosurfactant-
producing microbesin oil recovery or
bioremediation Sites.

Inaprior study, wereported the surprising
presence of alarge variety and number of
biosurfactant producersisolated fromtwo
hydrocarbon-impacted sites (Jenningsand
Tanner, 1999). Inthisstudy, weisolated and
identified biosurfactant producersfromtwo
additiona soils, which wereunconnected to any
hydrocarbon contamination, and determined
the proportion of aerobic heterotrophswhich
were biosurfactant producersin these soils.

MATERIALSAND METHODS

Sources of environmental samples

Sedimentsfor thisstudy werecollected
fromtwo different locations. Thefirst sample
(RST soil) wastaken from apiece of unim-
proved property located in Garvin County in
central Oklahoma. Thissiteisinapristine,
uncontaminated condition and iscomprised of a
loamy clay soil richinorganic matter. Samples
weretaken from just below the soil surfaceand
stored at 4°C until use (within 48 hours).

The second sampling location wasthe
TulsaRose Gardenin Tulsa, Okla. Becausethe
areaisaprofessional, formal botanical garden,
the soil systemishighly manipulated. This
mani pul ation includestheregul ar addition of
heavy mulch layers, aswell to theflower beds.
Asfungicidesand pesticides, samplesof the
TulsaRose Garden soil weretaken fromwhere
themulch litter met the soil to adepth of ap-
proximately 10 cm deep. Sampleswerekept at

4° C until use (within48 hours).

Because comparisonswill bemade
between these two samples and samples
collected for the aforementioned study (Jennings
and Tanner, 1999), brief descriptionsof the
prior samplesfollow. Thefirst sampleisfrom
an active natura gasproduction site near Ft.
Lupton, Colo. (Giegetal., 1999). Thesoilin
thisareaisclassified asasandy to sandy loam
withalow organic content. During the 1970s,
gas condensate contamination occurred and,
athough the source hasbeen removed, resdual
contamination existsboth in the soil and ground-
water. Sedimentsfor thisstudy were collected
in 1999 from beneath the shallow water table (~
1.4 meters). Upgradient, uncontaminated
sedimentswerealso collected in additionto
contaminated sediments.

The second set of soil samplescollected
for the 1999 study werefromwithin the Tall
GrassPrairie Preservein Osage County, Okla
In January 1999, 70 barrels of dewatered crude
oil werespilledinto asilty loam clay basin.
Sedimentsfromthissite, likethosefrom Ft.
Lupton, werealso collected in March of 1999.
Again, both contaminated and neighboring
uncontaminated soilswerecollected for andyss.

Media used

Blood agar plateswereused for thescreen-
ingandisolationof potentid biosurfactant-produc-
ing bacteria(Bernheimer and Aviged,1970; Banat,
1995a; Banat, 1995b; Lin, 1996).

Full-strength, plate-count agar (PCA;
Difco Laboratories, number 0751-17-2) was
used for themaintenance of isolated
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bi osurfactant-producing bacterial coloniesand
for counting thetotal number of aerobic het-
erotrophic bacteria (Atlasand Parks, 1993).

Tryptic soy broth agar (TSBA; Difco
product number 0369-17-6) dantswere
inoculated with coloniesfor afatty acid methyl
eter (FAME) analysisby Microcheck, Inc.
(Sassar, 1990).

Biolog Universal Growth (BUG) medium
(Biolog, Inc., Hayward, CA) was used for the
preparation of isolatesfor the Biolog analysis,
according to Biolog protocols (Solit, 1999).

METHODS

I solation of biosurfactant producers

Onegram (wet weight) of sediment from
the TulsaRose Garden sitewas seridly diluted
in0.85% sterilesaline. All dilutionswere
performedintriplicate.

Dilutionswere spread-plated on blood
agar plates (prepared oneday prior) withfinal
dilutionsranging from 10 through 10*. These
wereincubated at 30° C and counted after 24
and 48 hours. After isolation, colonieswere
maintained at 30°C on PCA plates.

Theabove screenfor betahemolytic
bacteriawasrepeated for the RST soil sample.

Colony morphology, growth, and micro-
scopic characteristicswererecorded for iso-
lates. Similar colonieswere grouped together on
thebasisof microscopic andysisand colony
morphology (Tate, 1995; Gerhardtet d.,
1994)). For example, isolate A included
coloniesshowing aflat, dightly moist, cream-
colored morphology withlight feathering at the
edges. Microscopic anaysisof thebacteriain

each of the coloniesgrouped together and
designated“isolate A” reveded non-motile,
Gram-positiverods, sometimeslinkedin short
chains. A representative colony of each group
wasthen selected for further analysis.

Inadditionto thedilution plating of sedi-
ments onto blood agar plates, positiveand
negative controlswerealso plated. Asa
positive control, Bacilluslicheniformis JF-2
(ATCC 39307) wasused (Mclnerney et dl.,
1990). A mutant form of Bacilluslicheniformis
JF-2 which does not produce biosurfactant was
plated asanegative control.

Enumeration of total aerobic heterotrophs

Dilution plating was performed on both the
TulsaRose Garden and RST soil samplesina
smilar manner aswith theisolation of
biosurfactant-producing bacteria, with the
exception of substituting PCA for blood agar
(Atlasand Parks, 1993). Final platedilutions
ranged from 102to 107,

Biolog analysis

Representative coloniesfor each of the
abovegroupswereandyzed by theBiolog
Microlog System for comparativeidentification
accordingto Biolog, Inc. protocols(Solit, 1999).
| dentification of selected cultures— FAME
analysis

Certain colonieswhichweredifficult to
identify by theBiolog Andysiswereidentified
by usng FAME anadysisby Microcheck, Inc.
(Northfield, VT) (Sassar, 1990).
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RESULTSAND DISCUSSION

Bacterial Numbers

Thenumber of total aerobic heterotrophs
werevery smilar betweenthe TulsaRose
Gardenand RST soil samples, ranging from9.2
x 10°t0 1.1 x 108, respectively (Table1). This
smilarity wasnot surprising, given that both soil
samplescontained high amountsof organic
matter. Biosurfactant producersranged from
1.0x10°t0 3.8 x 10° (Table 1).

Until recently, biosurfactant producers
werethought to berestricted to contaminated
soilswhere conditionswould select for mi-
crobeswith an enhanced ability to utilize hydro-
carbons(Rouseet d., 1994; Willumsen and
Karlson, 1997; Volkering et ., 1998). How-
ever, smal levelsof biosurfactant production

have been demonstrated in unimpacted soilsand
may beareflection of the other roles
biosurfactants play in asoil ecosystem, function-
ing ashiocides, fungicides, and nutrient trans-
port molecules(Lin, 1996; Banat, 1995g;
Banat, 1995b; Jenningsand Tanner, 1999).
Therefore, detecting abiosurfactant producer
populationfromwithinthe RST and TulsaRose
Garden soilswasnot necessarily surprising.
Based on prior observations, we expected
to recover asignificant population of
biosurfactant-producing bacteria(Table 1).
However, the extent of the biosurfactant-
producing population surpassed expectationsin
thesetwo hydrocarbon-unimpacted soils.
Biosurfactant producers constituted between 10
—35 % of the aerobic heterotrophic bacteria

Table 1. Numbersof aerobic heterotrophs and biosurfactant-producing bacteriafrom each of the

s0il samples.
Average # Average # Percent
Aerobic Biosurfactant Biosurfactant
Heterotrophs Producers Producers

RST Sail
Uncontaminated 1.1 x10° 3.8x10° 35.0%
Tulsa Rose Garden
Uncontaminated 9.2 x10° 1.0x10° 10.1 %
Tall Grass Prairie, OK 2
Uncontaminated 2.3 x10° 16 x10* 0.7%
Contaminated 1.0 x 10° 1.4 x 10 14 %
Ft. Lupton, CO?
Uncontaminated 1.3x10° 55 x10? 11%
Contaminated 6.0 x 10 1.4 x10° 9.1%

a Thesetwo soilswereinitialy studied as part of aprior project (Jenningsand Tanner, 1999).
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population (TulsaRose Garden and RST soils,
respectively) (Table1). Thereasonthat these
numbersare soimpressiveisthat themajority of
theFt. Lupton and Tall GrassPrairie samples
had biosurfactant-producing popul ationsat
approximately 1 % (Jenningsand Tanner, 1999)
(Tablel).

Thehighvauesfor the TulsaRose Garden
and RST soilsmay beexplained by therelation-
ship between the amount of soil organic matter
and the size of the biosurfactant population. For
example, Ft. Luptonand Tall GrassPrairie
sediments, which are characterized by low
organic matter, had low percentages of
biosurfactant producers. Incontrast, thetwo
soilswith the higher organic matter content, the
TulsaRose Garden and RST soils, had high
fractionsof biosurfactant producers(Table 1).

Inorganic-rich soils, microorganismstend
to bemetabolicaly stimulated (Brady and Well,
1999). Asbacterial metabolismisincreased, so
must bethose compounds, such as
biosurfactantswhich aidin transporting various
nutrientsacrosscell membranesin order to
support thisgrowth (Lin, 1996; Banat, 1995g;
Banat,1995b). Thismay explainwhy theRST
and TulsaRose Garden soilshaveahigher
percentage of biosurfactant producersover the
Ft. Luptonand Tall GrassPrairiesoils. How-
ever, it doesnot explain thediscrepancy be-
tween the TulsaRose Garden and RST soils.

Thefraction of biosurfactant producers
wasthreetimesthelevel inthe RST soil thanin
the TulsaRose Garden soil (Table1). Oneof
the obviousdifferencesbetween thetwo soilsis
the presence of pesticidesat the TulsaRose

Garden site. Koehler (1994) analyzedthe
effectsof the pesticide Aldicard on various ol
mesofaunaand microorganiams, finding that
application of the pesticide had long-term effects
onnat only themicrobid populationwithinthe
test Site, but also animportant classof soil
organisms—thosewhich feed upon microbes.

It wasfound that those organismswhich
consume bacteriaactually increased in numbers
after pesticide application. Thishasimplications
for the TulsaRose Garden site because many
biosurfactants are produced asfungicides, and
theincreasein numbersof biosurfactant produc-
ersin comparison to the Ft. Lupton and Tall
GrassPrairie soils(which werenot treated with
pesticides) may bearesponseto theincreased
threat by suchfungi.

However, thisincreaseduetofungicidal
activity may be overshadowed by the
biosurfactant’ sroleasanutrient transporter
whenmicrobia growthisascompetitiveasit
may beat the RST site. Whereasat the Tulsa
Rose Garden ahigh percentage of the soil
organic material hasbeen manually addedin
eas |y degradableformsto enhanceflower
blooms, the soil organic materia at the RST site
isprimarily intheorigina form of natural or
indigenous plant matter. The high amountsof
soil nutrients, including nitrogen and phosphorus,
removed from the soil by grasses (which pre-
dominated onthe site) can easily resultin soils
depleted of these nutrients (Brady and Well,
1999; Salisbury and Ross, 1992). Thisnutrient
depletion, evenif dight, can decreasethe
number of microbesinasoil. It hasbeen
documented that biosurfactant productionis
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actualy stimulated when certain nutrientsare
limited, specifically nitrogen and phosphorus
(Shafi and Khanna, 1995). Thus, with
nonbiosurfactant-producing bacteria popula
tionsdecreasing in conjunctionwith selection
towardsbiosurfactant-producing ones, theratio
of producersto nonproducers might increase.
Therefore, thismay explainwhy the RST soil
hasamuch higher percentage of biosurfactant
producersthan the TulsaRose Garden soil.
I dentification of biosurfactant-producing
bacteria

Theinitid isolation of suspected
biosurfactant producerswas done on blood
agar plates, utilizing theability of many
biosurfactantsto lyse erythrocytes, which results
inaband of betahemolysissurrounding
bi osurfactant-producing bacterial colonies
(Bernheimer and Avigad, 1970; Banat, 1995z;
Banat, 1995b; Lin, 1996). Such colonieswere
isolated and then maintained on PCA plates.
Colony morphologies, growth patternson
various media, and microscopic analyses
indicated that although therewere many colo-
niesisolated, thereweresmilaritiesamong many
of them. Whentheisolateswere grouped
according to these s milarities, select colonies
were chosen to represent each of these groups.

Of thedifferent colony typesanalyzed, a
total of four different specieswereidentified:
Pseudomonas fluorescens, Bacillus cereus,
Bacillusthuringiensis, and Bacillus
sphaericus. Theseresultswereexpected for
two mainreasons. first, both generaarecom-
mon soil organisms; and second, the ability for
membersof both generato produce

biosurfactantsiswell documented (Bandt,
1995a; Banat, 1995b; Georgiou, 1992; Rouse
eta., 1994; Shafi and Khanna, 1995).

CONCLUSIONS

In conclusion, biosurfactant-producing
bacteriaappear to befound in soilswhich have
not been exposed to hydrocarbon contamina-
tion, and they seem to predominately be mem-
bersof the Bacillusand Pseudomonas genera.
In addition, these bacteriaappear tobea
significant proportion of the aerobic heterotroph
population. Findly, theamount of organic
matter present inthe soil may effect this propor-
tionsgnificantly, asmay theavailahility of the
organic matter and other required soil nutrients.

Potentia futurestudy of thisphenomenon
includesthe utilization of antibody probesto
search not for those bacteriawith the potential
to produce biosurfactants, but for the
biosurfactantsthemsel veswithin the soil matrix.
Inaddition, further investigationsinto the effects
of soil organic matter aswell aspesticideand
herbicide application are being considered.
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