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Introduction
During the past year, we have made considerable progress in elucidating

the microbiological variables important in determining the relative success of
bacteria in utilizing soil-sorbed contaminants. We had previously reported that
two bacterial species, Pseudomonas putida (ATCC 17484) and an Alcaligenes sp.
isolated from petroleum contaminated soil (and previously designated NP-Alk)
differed markedly in their ability to utilize soil-sorbed napthalene. This result was
based on a kinetic comparison of naphthalene mineralization in soil-containing
and soil-free systems. The kinetic analysis led us to conclude that strain 17484 had
direct access to naphthalene present in a labile sorbed state which promoted the
rapid desorption of naphthalene from the non-labile phase. Conversely, both the
rate and extent of naphthalene mineralization by strain NP-Alk suggested that
this organism had access only to naphthalene in solution. Desorption was thus
limited and the efficiency of total naphthalene removal from these soil slurries
was poor. These conclusions were based on the average activities of cells in soil
slurries without regard for the disposition of the organisms with respect to the
sorbent. Since both organisms degrade naphthalene by apparently identical
biochemical pathways, have similar enzyme kinetic properties, and are both
motile, gram negative organisms, we undertook a series of investigations to gain
a better understanding of what microbiological properties were important in
bioavailability.

The first indication that the organisms differed in fundamental ways in
their utilization of naphthalene in soil slurries came from a detailed examination
of naphthalene mineralization kinetics over a range of soil:solution ratios. Figure
la shows that for the Alcaligenes sp., initial naphthalene mineralization rates in
both the absence and presence of soil were linearly related to the aqueous phase
concentration. The almost identical slopes of the regressed data indicate that
mineralization rates of the organism are strictly limited by sorption, and suggest
further that the organisms behave in similar ways at all soil:solution ratios. The
fact that all the rate data in soil slurries fell below the predicted rates indicated
that the presence of soil in some way impeded the uptake of naphthalene or
otherwise prevented it from being metabolized at the full enzymatic potential of
the organism. Conversely, for P. putida, initial mineralization rates in soil
slurries showed a distinct non-linear relationship to the equilibrium aqueous
phase naphthalene concentration with ali rate data falling above the soil-free
control line. These data confi,_ that sorbed naphthalene was available to the
organism and indicated that the organisms responded to changing soil:solution
ratios in a complex way, the basis of which may be related to its ability to utilize
s_il-sorbed naphthalene.

Based on previous reports of the importance of cell-sorbent interactions in
deterrr_ning the efficiency of sorbed substrate utilization (Kefford et al, 1981;
Fletcher, 1986: Griffith and Fletcher, 1992), it seemed logical to investigate the
interactions of organisms with the soils in our systems. Furthermore, since
others have reported that surfaces can directly and differentially influence the
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endogenousactivitiesofbacteria(Jeffreyetal,1988;Humphrey and Marshall,
1984;Hattoriand Hattori,1963;Hattoriand Furusaka,1960),we alsoattemptedto
evaluatethispossibilitywiththetwo organisms.Finally,we undertooka seriesof
experimentstodetermineifthephysicochemicalpropertiesoftheorganisms
alonecouldbe relatedtotheirdifferentabilitiestoutilizesorbednaphthalene.
With thesestudies,ouraim was toelucidatethosetraitsofmicroorganisms
whichwere relatedtotheirabilitytoutilizesorbedorganiccontaminants.This
fundamentalknowledgecouldallowus todevelopa "profile"ofa potentially
usefulorsuccessfulbioremediativeorganisminwhichlimitson biodegradation
oftargetcontaminantsimposedby sorptioncouldbe minimized.

Ceil_o_t Intexactions
Attachmentofbacteriatothesorbentand otherphysiologicaland

behavioralcharacteristicsofcellsmightbe expectedtoinfluencedesorption
kineticsand therateand extentofsorbedsubstratemineralization.Desorption
froma sphereisdescribedby Fick'sfirstlaw (Koch,1990):

-dQ/dt= DA (dC/dx)

Here,thediffusionrate(-dQ/dt)isa functionofthediffusioncoefficient(D),the
areaofthediffusionbarrier(A),and theconcentrationgradientacrossthis
barrier(dC/dx).Organismswitha low Km fora sorbedsubstrate,by establishing
steepconcentrationgradients(dC/dx)atthesorbentsurface,couldfacilitate
desorptivediffusion.Attachedbacteria,thoughnotnecessarilyabletoutilize
sorbedsubstratesdirectly,mightpromotethedesorptionofsubstratefrom a
sorbentby shorteningdiffusionpathlengths(dx).Attachedorganismsableto
utilizesorbedsubstratesmightexperiencea highersurface-localized
concentrationgivingrisetoenhancedmineralizationratesand accelerated
desorptionrates.

The reversibilityofattachmentmightalsobe important.Irreversible
attachmentcouldcausecellstobecome substrate-limitedupon depletionof
substrateintheirimmediatelocale.Reversibleattachment,on theotherhand,
may enablecellstomigrateinsearchofnew substratesources.The latter,
reversibleattachmentcouldbe especiallyeffectiveforan organismwhichisable
tosensesubstrateconcentrationgradientsand directitsmotilitytowardregionsof
thesorbentharboringhighsubstrateconcentrations.Such chemotacticbehavior
may effectivelyincrease(A)by creatingmany localizedzonesofsubstrate
depletionon thesorbent_urface,creatingdesorption"portals"fortheoutward
diffusionofsorbednaphthalene.Soilcrushing,whichactstoincreaseA and
decreasedx,has beenshown toincreasetherateofNOC desorptioninabiotic
systems(Wu and Gschwend,1986),and toincreasethebiodegradationrateof
sorbedlindaneinbiologicalsystems(Rijnaartsetal,1991).

Attachmentstudieswiththetwo organismswere conductedintwo ways.
Cellsgrown on naphthalenetotheearlystationaryphasewere washed,
resuspendedata densityofapproximately109cellsml-1and addedtosterilesoil
slurries (final cell density, 107 cells ml-D in 25 ml glass centrifuge tubes at various
soil:solution ratios. Slurries were mixed by rotating for one hour and tubes were
centrifuged (120 x g, 5 min) to sediment coarse soil particles. The upper
supernatant layer (2 ml) was carefully siphoned by pipet, diluted twofold in



O d • •

& o

phosphate-buffered saline (PBS) and immediately filtered (3 _m) into a sterile
receiving tube. The filtrate was further diluted and plated in quadruplicate onto
nutrient agar to estimate the number of unattached bacteria. Numbers were
normalized to counts obtained from identically-treated soil-free controls to
determine the fraction of free-living cells. In a modification of this method, cells
were labeled by growth on 14C-labeled naphthalene. Rather than plate counts, the
radioactivity of cells passing through the filters were then used to estimate
relative numbers of unattached cells. Agreement between plate counts and
radioactivty measurements were excellent.

Using this method with labeled cells, we observed a more or less linear
dependence of attachment by both organisms on the soil concentration of the
slurries. Figure 2 shows the soil concentration-dependent attachment of strains
NP-Alk and 17484 to four soils of varying organic carbon contents• At low soil
concentrations, NP-Alk showed a higher degree of attachment than 17484 while at
higher soil concentrations, the reverse was true. For both organisms, the greatest
attachment was observed for the low organic carbon Oshtemo soil. In general,
strain 17484 showed a higher degree of attachment than NP-Alk. Less than 2% of
the endogenous label was respired to 14C02 over the course of the assay ;
radioactivity of slurry filtrates thus corresponded to unattached cells and not cell-
free materials.

As with many attachment assays, this method does not distinguish
between cells which are reversibly or irreversibly attached. We attempted to
minimize the time and handling of supernatants prior to filtration to get an
estimate of total attachment; however, it is possible that some detachment of
reversibly adhered organisms occurred during sample manipulations. Attempts
to estimate the number of irreversibly attached organisms by increasing the
dilution factor prior to filtration were confounded by the fact that the organisms
show differential attachment behavior as a function of dissolved organic carbon (a
natural surfactant) in the slurries. Thus, progressive dilution of strain 17484
through 10-4 in PBS prior to filtration increased its attachment since attachment
by this organism increases as the dissolved organic carbon concentration
decreases (Guerin and Boyd, 1991). Artifical surfactants have also been reported
to impede bacterial attachment (Erne et al, 1984)• The opposite behavior was
observed for strain NP-Alk; as the dilution factor increased (DOC decreased),
attachment also decreased, suggesting that these organisms may have been only
loosely associated with the soil.

A second method for estimating attachment, which was used in the 2,4-D
bioavailability study of Ogram et al (1985), is to equilibrate radiolabeled cells in soil
slurries for a fixed time period (usually about 1 hour) and to measure the
radioactivity remaining in the cleared supernatant following settling of the soil
(12 to 24 hours depending on the soil). Figure 3 shows a quite different picture of
the attachment of the two organisms to soils using this method. In the Oshtemo
slurries, significant removal of strain 17484 from supernatants occurred. Trends
of increasing attachment at increasing soil:solution ratios were also reversed for
some soils with both organisms. With motile, chemotactic organisms, the long
settling periods allow for the detachment of previously attached cells, perhaps as
an aerotactic response as cells become oxygen-limited in the sedimented soil.
Conversely, the long settling times allow the irreversible attachment of cells
previously associated in a reversible manner with the soils. A further drawback



of this approach wvs that approximately 7 to 8% of the endogeous label was
respired over the time required for estimating attachment by this method. These
data show that the apparent attachment of both organisms is a dynamic process,
subject to environmental conditions and behavioral characteristics of the
organisms.

We reported previously (Guerin and boyd, 1991) that the two organisms
showed different chemotactic behaviors toward naphthalene and to various
components (dissolved organic carbon, clay minerals, whole soils) of naphthalene-
containing soil slurries. To assess the influence of chemotaxis on bioavailability,
we compared the naphthalene mineralization kinetics in soil slurries by
flagellated and deflagellated cells. The results, shown in Figure 4, indicated that
the presence or absence of flagella significantly influenced the efficiency of sorbed
naphthalene utilization. Deflagellated cells of strain 17484 were more efficient and
those of strain NP-Alk were less efficient at mineralizing naphthalene in these
slurries compared to their flagellated counterparts. This effect was most
pronounced at low soil concentrations (higher equilibrium aqueous phase
naphthalene concentrations).These results, however are somewhat difficult to
interpret since flagella are organelles not only of motility (and therefore
chemotaxis), but of attachment as well (Rogers, 1979; Sjoblad and Doetsch, 1982;
Korber et al, 1989; DeFlaun et al, 1990).

We investigated the attachment characteristics of flagellated and
deflagellated cells to the various soils to evaluate the role of flagella using the
centrifugation-filtration method described above. As in the bioavailability assays
described above, cells were deflagellated by pressurized passage 50 times through
a small orifice (18 g hypodermic _eedle). Microscopic examination indicated a
complete loss of motility by the ceAls. Cells were then inoculated into soil slurries
containing chloramphenicol (50 t_g ml-l) to inhibit resysnthesis of the flagella
(Glagolev,1984). Figure 5 shows that flagella, as physical appendages, are
relatively unimportant in the attachment of the polarly flagellated strain 17484.
Nearly identical patterns of attachment for flagellated and deflagellated cells were
observed. For the peritrichously flagellated organism, Np-Alk, on the other hand,
deflagellated cells showed a significantly higher rate of attachment to all but the
high organic carbon Colwood soil. The flagella of this organism may impede
attachment by not allowing a close enough approach of the cells to the soil
surfaces. For both organisms, the extent of attachment by flagellated cells was
lowered by the inclusion of chloramphenicol in the slurries. This suggests that
some de novo synthesis of proteins may be involved in the normal attachment
process by both organisms.

In summary, it has proven very difficult to assess the role of attachment in
the efficiency of sorbed naphthalene utilization by the two organisms. This stems
from ambiguities in what the various methods for estimating attachment are
actually revealing, the dual roles of flagella as mediators of both attachment and
motility, and our inability to assess the real time, reversible associations of the
organisms with the soils. Differential cell growth at different soil:solution ratios
is also a problem with assays which rely on plate counts to estimate attachment.
This problem can be overcome by inclusion of chloramphenicol in soil slurries -
however, this antibiotic also influences attachment behavior. Thus, deflagellated
NP-Alk attached more extensively to soils compared to its flagellated (and
chloramphenicol-treated) counterparts, but the overall effect of its loss of motility
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was to lower naphthalene mineralization rates in soil slurries. Many of these
methodological problems were pointed out in a recent review on bacteria-surface
interactions(Fletcher,1991).

We previouslyreportedthatstrain17484ispositivelyattractedto(andthus
maintainsitsmotilityin)capillariescontainingwholesoilsuspensionstoa much
greaterextentthan NP-AIk(Guerinand Boyd,1991).Combined withitsgreater
propensitytoattachtosoilsand itsabilitytoutilizesorbednaphthalene,the
behaviorofstrain17484may be similartothe"motileattachment"describedforP.
fluorescens(Korberetal,1989).Perhapsthemore streamlinedmorphology of
strain17484allowsittomore closelyapproachsoilsurfaceswherethesorbed
naphthaleneresides,and toavoidentanglementinthefibrillarsoilorganic
matternetworksothatitmaintainsmotilitythroughsoilslurries.NP-AIk,with
itsperitrichousflagella,may be preventedfrom attachingfirmlytosoilsand
utilizingnaphthalenesorbedatthesurface.

Directand DiffemnllalSurfaceEffecm
Solidsurfaceshave beenreportedtoexertpositive,negativeand neutral

effectson theactivitiesofmicroorganisms(forrecentreviews,seevan Loosdrecht
etal,1990;Fletcher,1991).Positiveeffectshavebeenattributed,among other
things,totheconcentrationofsubstratessorbedtosurfacesinnutrient-poor
environments.Such sorptionhas alsobeen reportedtoreducetheavailabilityof
substratesalthoughtheobservedeffectsareinconsistentand appeartobe related
tothemechanism ofsorbate-sorbentinteraction(cationexchange,adsorption,
hydrophobicbinding,partition,etc.),thenatureofthesorbent(granularactivated
carbon,clayminerals,hydrophobicvs.hydrophilicsurfaces,etc.)and the
characteristicsofthetestorganisms(motility,hydrophobicity,mode and extentof
attachment,etc.).Many ofthereportedobservationsarethusindirecteffects
inasmuchas thesurfacesinfluencethedispositionand accessibilityofan
exogenoussubstrate.We reportedrecently(Guerinand Boyd,1992)thatstrains
17484and NP-AIk differedintheirabilitytoutilizesorbednaphthalene.Whileit
was assumed thatthiswas due todifferentialaccessibilityofthesorbedsubstrate
tothetwoorganisms,we didnotruleoutthepossibilitythatthesoilhad a direct
stimulatoryeffecton oneorganismand nottheother.Directstimulatoryeffectsof
surfaceson theendogenousactivitiesofcellshave beendocumented(Maigetter
and Pfister,1974;Humphrey and Marshall,1984;Jeffreyand Paul,1986)although
thebasesoftheseeffectsremainunknown. We thereforeundertooka studyto
determinewhetherthetwo organismareinfluenceddirectlyand/ordifferentially
by surfaceswhich do notinfluencethedistributionofnaphthalene,i.e.,arenon-
sorbing.

We have studiedthechemotaxisofstrains17484and NP-AIk tocolloidal
componentsofsoilslurriesand foundthatstrain17484ispositivelychemotactic
towardcertainclayminerals(Figure6),whereasNP-Alk isnot.Furthermore,
themagnitudeofthechemotacticresponseand theclayconcentrationatwhich
themaximum responseoccurredwas claymineral-specific.These observations
ledus tospeculatethatclaymineralsmay have a directinfluenceon theactivityof
strain17484,possiblycontributingtoitsmore efficientutilizationofnapthalenein
soilslurries.Sincemany clays(e.g.,montmorillonite,hectorite)bearnetnegative
charges,the stronglyhydratedcationsassociatedwiththem renderthe surfaces
extremelyhydrophilic.They arethereforepoorsorbentsfornon-ionicorganic
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compounds such as naphthalene. We undertook a study to evaluate the influence
of clay minerals, as non-sorbing solids, on the naphthalene-degrading activity of
the two organisms. Four clay minerals were chosen for these studies - negatively
charged montmorillonite and hectorite, and the neutral aluminosilicates,
phyrophiUite and talc. All of these were reference materials obtained from the
Clay Mineral Society. The clay mineral fractions were obtained by gravity settling
of dispersed materials. They were sterilized by autoclaving and made homoionic
by repeated washing in PBS before use. To establish the sorption behavior of the
clays, we conducted naphthalene sorption isotherms. No detectable sorption to
either montmorillonite or hectorite was observed. However, measurable sorption
of naphthalene (5 to 25%) to pyrophiUite and talc was observed at clay
concentrations of 2 mg ml-1 and initial napthalene concentrations which varied
from approximately 15 to 1050 ng ml-1.

Mineralization assays were conducted in which strains 17484 and NP-Alk
were inoculated into vials containing naphthalene and one of the four clay
minerals at a concentration of 2 mg ml-1. The mineralization data were fitted to a
three-parameter model (Guerin and Boyd, 1992) by non-linear regression analysis
to obtain estimates of initial mineralization rates and extents of mineralization.
Table 1 shows that for strain 17484, both the rate and extent of napthalene
mineralization was enhanced in the presence of clay minerals, both those which
showed no naphthalene sorption and those which showed minor sorption of
naphthalene. Similar effects were observed in the presence of sand (200 mg ml-l,
Ottawa sand standard, 20-30 mesh, Fisher), a solid which had zero sorptive
capacity for naphthalene. Conversely, for strain NP-Alk, the presence of clay
minerals (and sand) consistently inhibited both the rate and extent of napthalene
mineralization. It thus appears that clay minerals have a direct stimulatory effect
on the activity of strain 17484 and an inhibitory effect on naphthalene metabolism
by NP-Alk. While the basis of these effects is rather puzzling, it is possible that
surfaces may directly influence the activities of the organisms, and may partially
explain the differential bioavailability of sorbed naphthalene observed. It is
conceivable that organic colloids, too, may differentially influence the activities of
the two organisms although assessing this possibility is complicated by the strong
association of the substrate with the orga_,ic colloids.

Another possible explanation for the differential bioavailability of sorbed
naphthalene relates to the physiology of the organisms. It is possible that
introduction of stationary-phase cells into soil slurries causes a general or
specific metabolic upshift in strain 17484 but not in NP-AIk. Rapid induction of
specific naphthalene-degrading enzymes or an elevated metabolic activity in
response to the soil slurry environment by strain 17484 may be responsible for its
higher rate of naphthalene utilization in slurries than would be predicted by soil-
free control rates. Such an induction or metabolic upshift would have to be
extremely rapid, however, to influence measured initial mineralization rates. We
will addres_ this possibility in more detail below.

Physicochemical Properties of Cells
Recently, several models have been put forward which relate the kinetics of

hydrophobic substrate utilization by bacteria to the physicochemical properties of
the substrate (Banerjee et al, 1984; Parsons et al, 1987; Balaz et al, 1989). Biphasic
relationships between the degradation kinetics of a homologous series of
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compounds by a single organism and the log Kow (octanol-water partition
coefficient) of the compounds have been observed with an inflection at a log Kow of
2. Below this value, uptake is controlled by the membrane-water partition
coefficient and above it uptake is controlled by solubility and diffusion across an
aqueous boundary layer. We considered the possibilty that if uptake can be
controlled by the physicochemical characteristics of the solute, it may also be
sensitive to the physicochemical characteristics of the degrading organisms.
Perhaps a more hydrophobic cell surface would allow for the more efficient
uptake of naphthalene from the aqueous or sorbed phases. Cell surface
hydrophobicity has been correlated with bacterial attachment to soils (Stenstrom,
1989).

The hydrophobicity of strains 17484 and NP-Alk were determined by the
method of Dab]back et al (1981). Cells were labeled by growth on 14C-naphthalene
to the early stationary phase. They were harvested, washed, and resuspended to a
density of approximately 109 cells ml-1 in PBS. A 1 ml aliquot of the concentrated
cell suspension was then applied to a column of Octyl-Sepharose CL-4B gel (3 ml
bed volume, Pharmacia) in a Pasteur pipet. Cells were eluted with 5 x 2 ml
portions of PBS, each portion being collected in a scintillation vial containing 7.5
ml of counting cocktail. The counts of the eluted organisms (e) were summed and
the number retained by the gel (g) were determined by the difference between e
and the counts obtained from a 1 ml aliquot of the original suspension.
Hydrophobicity indices were calculated as log (g/e), with values below zero
indicating hydrophilicity and values above zero indicating hydrophobicity. On
three occasions over a two year period, strain 17484 yielded positive values (0.122,
0.155, 0.493) while NP-AIk consistently gave values indicative of a more
hydrophilic cell surface (-0.33, -0.28, 0.194). The nonconstancy of these values
reflects the dynamic nature of organisms maintained in laboratory culture for
extended time periods. However, the consistently more hydrophobic character of
strain 17484 offers a possible explanation for its ability to utilize sorbed
naphthalene. The kinetics of mass transfer of naphthalene from the soil organic
matter (which on the surface of a soil particle would be expected to be fairly
hydrophilic in nature) to the cell surface would seem to be more rapid if the
naphthalene was entering a more hydrophobic as opposed to a hydrophilic
domain. The more hydrophobic surface and lack of peritrichous flagella in strain
17484 may also allow the cells to more closely approach the soil surface where
attachment (reversible or irreversible) could occur. The soil-to-cell transfer of
naphthalene is probably impossible to measure directly although fluorescence
quenching methods have been applied to l_tudies of particle to membrane transfer
of xenobiotics in model systems employin._ clay minerals as sorbents and
fluorescenfly tagged artificial membranes as cell surrogates (Omann and
Lakowicz, 1981). In soils, the natural fluorescence of soil organic matter would
preclude such measurements.

We also studied the biosorption of napthalene to the two bacterial strains to
determine if their capacity to sorb naphthalene was related to their differential
ability to utilize it in soil slurries. The organisms were grown on naphthalene to
the early stationary phase. They were then harvested, washed in PBS, and
resuspended in a fraction of their original volume. Cells were killed by treatment
with glutaraldehyde (final concentration, 5%) for 1 hour, after which cells were
repeatedly washed in PBS. Aliquots of cell suspensions were added to 25 ml glass



centrifuge tubes along with naphthalene solutions at concentrations ranging
from approximately 20 to 5000 ng ml-1. Suspensions were equilibrated with
shaking overnight, the cells were removed by centrifugation, and the radioactivity
remaining in the supernatant was taken as a measure of the equilibrium aqueous
phase concentration. Aliquots of the original cell suspensions were analyzed for
total organic carbon on a Dohrman DC-190 High Temperature TOC Analyzer and
the concentration of sorbed naphthalene was determined from the difference
between the initial and equilbrium naphthalene concentrations. Logs of the
organic carbon-normalized partition coefficients (log Koc) for naphthalene
sorption to 17484 and NP-Alk were 2.96 and 2.94, reispectively, indicating little
difference between the two cell types in their capv_ity to bind naphthalene. These
log Koc vlaues are about midway between values determined for naphthalene
sorption to soil (average of four soils, 2.64), and the log Kow fcc naphthalene of
3.35, indicating that bacterial biomass is somewhat better than soil organic
carbon as a partition medium for NOCs.

It should be mentioned here that the fact that the two organisms have
nearly identical thermodynamic capacities for naphthalene sorption does not
detract from the ]dnetic arguments made above on the basis of cell surface
hydrophobicity. While the organic carbon of the two organisms is roughly
equivalent in terms of its equilibrium sorption capacity for napthalene, this does
not mean that the organisms may not differ considerably in the rate of transfer of
naphthalene from another medium to the cell surfaces.

To summarize, we have identified several organism-specific properties
which may be important in determining the relative efficiency of bacteria in
utilizing sorbed contaminants. The "profi!e" for such an organism to be used in a
bioremediation situation may include the following:

1. Low Km for substrate.
2. Motile.
3. Chemotactic toward the target contaminant(s).
4. Associates with soil particles in a reversible manner to avoid substrate

limitation.
5. Hydrophobic cell surface to promote efficient soil-to-cell transfer of

contaminants.
It may also be possible to modify the behavior and bioremediative efficiency of
organisms by:

1. Adjustment of the dissolved organic carbon levels to promote or inhibit
attachment.

2. Addition of clay minerals or other colloids to stimulate metabolism of
endogenous and/or exogenous materials.

New Research Initiatives
In response to the revised goals of the Microbial Physiology/

Biodegradation subprogram of DOE's Subsurface Science Program, we have
undertaken additional studies related to the stated objective of gaining a better
understanding of the role of microbial adaptation in degradation of subsurface
contaminants. Our successful approach for the study of the bioavailability of
sorbed organic contaminants has utilized cells fully induced for the degradation
of the target contaminants. In these experiments, we purposefully establish
conditions where the activities of the organisms are strictly substratc-limited. It is
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conceivable that under certain bioremediation conditions, the organisms,
whether indigenous to the contaminated aquifer or introduced to it, may instead
be enzyme-limited. This problem may be particularly acute if contaminant
sorption acts to decrease the aqueous phase contaminant concentration to a point
where the induction of degradative enzymes is affected - here, biodegradation may
be both substrate- and enzyme-limited. In the past year we have conducted
research aimed at addressing two major questions:

1. What are the maintenance and induction characteristics of degradative
enzymes? Is it possible to prepare cells for use in bioremediation which maintain
high levels of enzyme activity?

2. How does sorption influence the bioavailability of contaminants to
enzyme-limited bacteria? Are there threshold levels of dissolved contaminants
resulting from sorption below which enzymes required for degradation will not be
induced? Do nutrients (N,P) or additional carbon substrates influence the
induction pattern?

As an index of enzyme activity, we used a whole cell, spectrophotometric
assay for naphthalene dioxygenase (Shamsuzzaman and Barnsley, 1974) in
conjunction with total cell protein determinations (Lowry et al, 1951) to obtain
specific enzyme activity levels [ng naphthalene oxidzed (_tg protein)-1 (min)-l] of
cells under various growth and starvation regimens. Figure 7 shows the enzyme
activities in cultures of strain 17484 and NP-Alk during stationary phase and
under starvation conditions, following growth on napthalene. For the latter, cells
were harvested in early stationary phase, washed in PBS, and resuspended to
their original density in PBS. It is seen that activities in strain 17484 are higher
intially (this organism also has a higher Vmax for naphthalene utilization) and
disappear less rapidly than those of NP-Alk. For both organisms, the enzyme
appeared to be longer lived in starved vs. stationary phase cells. A first-order
decay model was fit to the data to derive estimates of the first order decay constant,
k;

A = Ao e-kt

where A is the activity at time, t, and Ao is the activity at time zero. Enzyme half-
lives were then determined according to the following expression:

ty2 = 0.693/k

Table 2 shows the naphthalene dioxygenase half lives for strains 17484 and NP-
Alk under stationary and starvation conditions. It is seen that the half lives of
enzymes under starvation conditions are 2.7 times longer and 5.3 times longer
than those under stationary conditions for strain 17484 and NP-AIk, respectively.
This finding has interesting implications. In bioremediation situations, it may be
desirable to hold cells in a starvation condition prior to introducing them into the
subsurface. This would greatly simplify handling considerations since starved
cells with their low rates of endogenous metabolism could be more easily handled
and transported than actively metabolizing cells. We are pursuing this question
further to see if other hydrocarbon-degrading bacteria show similar enzyme
maintenance characteristics under starvation conditions.



To study the induction characteristics of the organisms, we monitored
enzyme activities under different growth regimens for various time periods. It
was found that the naphthalene dioxygenase activities of NP-Alk could be reduced
to very low levels after extended incubation under either stationary or starvation
conditions. However, for 17484, fairly high basal levels of activity remained. For
this organism, repeated subculturing in nutrient medium was required to attain
low levels of enzyme for use in induction studies. To monitor the influence of
naphthalene sorption on the induction of naphthalene dioxygenase activities, we
inoculated vials containing a constant mass of naphthalene (in PBS) but varying
soil:solution ratios (resulting in a range of equilibrium aqueous phase
naphthalene concentrations) with cells containing various enzyme activities. The
mineralization of naphthalene (14CO2 production) was monitored over time.

Figure 8 shows the naphthalene mineralization time courses for 17484 and
NP-Alk at various initial enzyme activities (produced by growth under different
conditions for various time periods prior to inoculation) in Colwood soil (5.5% OC)
slurries. For both organisms, the kinetics of naphthalene mineralization in soil
slurries were directly related to the initial enzyme activities of the inocula. For
strain 17484, rapid and extensive mineralization of naphthalene was observed in
starved (8 d) cultures. Reductions in mineralization rates in proportion to the soil
concentration (and equilibrium aqueous phase naphthalene concentration) were
evident in stationary (22 d) cultures but the extents of mineralization were all
approximately equal at 23 h. After 8 serial transfers in nutrient broth (20 d),
further reductiv_:_s in mineralization rates were observed. Here, complex
mineralization ]_netics related to shifts from substrate- to enzyme- and back to
substrate-limita_ion were noted. The induction of naphthalene mineralization
appeared to be very rapid for this organism with a greater extent of
mineralization observed in samples with high soil concentrations and
correspondingly high dissolved organic carbon concentrations. For NP-Alk,
precipitous decreases in the kinetics of naphthalene mineralization were observed
as the naphthalene dioxygenase activity declined from 1.02 (8 d starvation) to 0.22
(22 d stationary) to 0.08 (20 d nutrient broth) ng naphthalene (_g protein)-1 (rain)-1.
As found with enzyme-sufficient cultures of this organism, both the rate and
extent of naphthalene mineralization were limited by the equilibrium aqueous
phase naphthalene concentrations. Cells were clearly enzyme-limited in the 22 d
stationary cultures, where, up to 4 h, the mineralization data for the soil-free
control coincided with data for the 50 mg mlq soil slurry in which the equilbrium
aqueous phase naphthalene concentration was less than one-half of that in the
soil-free control. Aider 4 h, the cultures in slurries were substrate-limited with an
apparent induction or desorption of naphthalene occurring between 9 and 23 h. In
the nutrient broth grown cultures, the initial enzyme activity was very low and
extended lags prior to the onset of naphthalene mineralization were observed. The
length of the lag and the extent of mineralization were both inversely correlated

: with the equilbrium aqueous phase naphthalene concentration. Apparently, the
concentration of free naphthalene determined the kinetics of induction while the
availability of alternate nutrients (soil concentration) determined the extent of
induction and napthalene mineralization. The soil-free control showed the
longest lag and lowest extent of mineralization over the 30 h time course of the
experiment. A similarly low extent of mineralization was observed for 17484 and
may be related to the absence of mineral and organic nutrients in PBS.
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To summarize, sorption clearly influences the kinetics of naphthalene
mineralization in cells which are initially enzyme-limited for its degradation. The
interplay of sorption-desorption reactions and enzyme induction give rise to
complex mineralization patterns which are not easily amenable to modeling. The
onset and extent of mineralization are also influenced by the presence or absence
of alternative nutrient sources. This was confirmed in soil-free induction
experiments in which the presence of soil extracts or mineral nutrients in
addition to naphthalene caused higher levels of naphthalene dioxygenase
induction than in naphthalene/PBS solutions. As in bioavailability studies with
enzyme-sufficient cultures, major differences between two naphthalene-
degrading organisms under enzyme-limited conditions were also observed, with
regard to the kinetics of induction and the maintenance of degradative enzymes.

Additional Accomplishments
We have asserted that many of the inconsistencies in published reports

regarding the bioavailability of sorbed organic compounds are the result not only
of organism-specific differences, but of differences in the physicochemical aspects
of solute sorbent interactions as well. Organics which sorb by fundamentally
different mechanisms may be expected to be available to organisms to different
degrees. We have applied the mineralization kinetics approach for assessing
bioavailability developed under the aegis of our DOE funding to study the
bioavailability of other classes of compounds in our laboratory. Under the auspices
of an Air Force-funded project, we have isolated an unusual bacterium (strain
10IS) able to use the cationic surfactant, hexadecyltrimethylammonium
(HDTMA), as sole carbon and energy source. This compound sorbs to clay
minerals by a cation exchange mechanism. We have found that the bioavailability
of clay-bound HDTMA to strain 10IS is dependent on clay mineral type and the
location of the bound cation (surface vs. interlamellar). In fact, we have been able
to use our bioavailability approach as a bioassay to gain insight about the avidity of
clay-cation interactions under different reaction conditions (Mueller, Guerin and
Boyd, unpublished results).

In research funded by the National Science Foundation through the Center
for Microbial Ecology, we have also been using this approach to study 2,4-D
bioavailability in soils. Using Flavobacterium strain FB-4 (Ogram et al, 1985), we
have found that the bioavailability of 2,4-D is sorbent-dependent (Figure 9). This
dependency is the result of the differential attachment behavior of strain FB-4 to
different soils - as the fraction of attached .Jrganisms increases, the efficiency of
sorbed 2,4-D mineralization also increases (Kay, Guerin and Boyd, unpublished
results).

We have recently developed a gas purge apparatus for studying the
desorption kinetics of sorbed non-ionic organic compounds. Purge curves obtained
from these studies allow determination of the equilibrium sorption coefficient, the
fractional distribution of solute in labile and non-labile sorbed phases, and the
first order rate constant for desorptive transfer from the non-labile to the labile
phase. In initial studies with naphthalene, we have obtained desorption rate
coustants which are nearly identical to those determined by us (Guerin and Boyd,
1992) using a three-parameter coupled degradation-desorption model to fit
naphthalene bioavailability data (Benzing and Boyd, unpublished results). In the
coming year, we want to further study this correspondence between desorption



rates measured in abiotic systems and those derived from modelling of
mineralization data in biotic systems to establish the general utility of the model.

We originally proposed to study solubility as a physicochemical variable
influencing bioavailability. We have isolated a phenanthrene-degrading
bacterium from petroleum-contaminated soil which shows promise for these
studies. This organism, a presumed Mycobacterium sp., grows robustly on
phenanthrene and is easily maintained in laboratory culture. We have begun
characterizing this organism and preliminary studies on its mode and kinetics
and phenanthrene mineralization. We will soon employ it in bioavailability
studies with the highly hydrophobic compound, phenanthrene.

Publications and Presentations
Over the last year, we have reported on our DOE-funded research at two

national meetings;

Guerin, W.F., and S.A. Boyd. Role of bacterial attachment and chemotaxis
in the efficiency of soil-sorbed naphthalene utilization," American Society
for Microbiolgy, New Orleans, LA, May, 1992, Abstract No. N-22, p. 295.

Guerin, W.F., and S.A. ]_::.;d. Quantitative assessment of sorbed substrate
bioavailability using a rmner_lization kinetics approach," invited paper,
Soil Science Society of America, Minneapolis, MN, November, 1992.

Dr. Guerin has also presented our findings in invited seminars at;

Department of Biology, Marquette University, Milwaukee, WI.
Department of Agricultural Chemistry, Oregon State University, Corvallis,

OR.
Department of Chemistry and Geochemistry, Colorado School of Mines,

Golden, CO
Department of Environmental Toxicology. University of California, Santa

Cruz, CA
Department of Environmental Safety, DOW Chemical Company, Midland,

MI.

We have published the development and application of our mineralization kinetics
approach for studying bioavailability, including the description of a "coupled
degradation-desorption" model for analyziP.g bioavailability data. A paper
describing our aging studies with napthalene has been accepted for publication as
a book chapter, and two additional papers are in preparation. Full citations and
tentative titles for these papers are:

Guerin, W.F., and S.A. Boyd. 1992. Differential bioavailability of soil-sorbed
naphthalene to two bacterial species. Appl. Environ. Microbiol. ___:1142-
1152.

Guerin, W.F., and S.A. Boyd. accepted. Bioavailability of soil-sorbed
naphthalene to bacteria: influence of contaminant aging and soil organic
carbon content. Soil Science Society of America, Special Publication.



Guerin,W.F.,and S.A.Boyd.inpreparation.Bioavailabilil;yofsoil-sorbed
naphthalene:impo_ce ofphysiological,behavioraland physicochemical
characteristicsofdegradw_-_reorganisms.

Guerin,W.F.,and S.A.Boyd.inpreparation.Bioavailabilityofsoil-sorbed
naphthaleneunder enzyme-limitedconditions.

itemsrehOl_ectlvesfor1993
In thecomingyear,we willdedicateourresearcheffortsinthefollowing

areas:

1.Assesstheimportanceofcont_mlnantsolubilityindeterminingbioavailability.
We wql make a detailedstudyofphenanthrenebioavailabilityusingtheorganism
describedaboveand additionalorganismsdifferinginmotility,hydrophobicity,
and attachn_zntpropertiesfromit.Sincephenanthreneisabout30 timesless
solublethan ,-mphthalene,we willbe abletowork withsorbentsofmuch lower
organicmattercontents,includingaquifermaterials.Thiswork:willconsistof
batchand columnbiodegradationstudiesand willbe complementedby abiotic
studJ_son thesorption-desorptionkineticsofphenanthrene(see,original
proposal).
2.Furtherinvestigationsintotheinfluenceofcontaminantsorptionon induction
ofdeg_dativeenzymesinbacteria.We willinvestigatewhetherourobservationof
increasedmaintenanceofdegradativeactivityinstarvedmicrobialcellsisa more
generalphenomenon,applyingtootherorganismswhichdegradeother
contaminants(tolueneand phenanthrene).We willalsofurtherirvestigatethe
importanceofmineraland organicnutrientsinstimulatingthe reduction
processand assesstheroleofsurfacesintheprocess.For example,ifinductionis
a processofcell-to-celltransferofgeneticmaterialencodingforthedegradaionof
a contaminant,suchtransfermay be facilitatedby solidsurfacestowhichcells
can attach.

3.Investigatetheroleoforganicmatterqualityand quantityon bioavailability.
With phenanthrene,we willstudybioavailabilityinwhichthecontaminantis
boundtoorganicparticlesizefractionsisolatedfromsoiltotesttheconceptof
intraorganicmatterdiffusionasa constrainton desorptionkineticsand
bioavailability.We willalsoexaminebioavailabilityofphenanthrenesorbedto
soilsinwhich theorganicphaseisnon-particulate,i.e.,where theorganicmatter
existsas a monolayercoatingmineralsurfaces.We have collectedadditionalsoils
and beguncharacterizingtheirorganicmattertotesttheconcepl,thatthe
aromaticityofthesoilorganicmattermodulatesthebindingofaromatic
contaminants.With phenanthreneasa testcontaminantwe willconduct
experimentstodetermineiforganicmatterqualityinfluencesbioavailabilityin
otherwisesimilarsystems(seeoriginalproposal).
4.We have initiatedsoilcolumnstudiesaimedatstudyingtheinteractionsof
sorptionand biodegradationin systemswhichmore closelyresemblenatural
situations.Thiswork was outlinedindetailinour originalproposal.
5.Due tobudgetcutbacksinoursecondyearfunding,we willnotpursuework
withorganic-modified(hexadecyltrimethylammonium-treated)soils.Such
materialswere originallytobe includedinbothbatchand columnstudieson
bioavailability.
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: • BIOAVAKABILrrY: 17484 IN CAPAC SOIL
• SLURRIES AND IN SOEG-FREE CONTROLS.
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Figure i. Influence of sorption on the rate of naphthalene mineralization in

soil slurries by strains 17484 (top panel) and NP-AIk (bottom panel).

Rates in slurries which fall on or below the control line indicate that

sorbed naphthalene is unavailable, while rates falling above the line

indicate that sorbed naphthalene is directly available to the bacteria.
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Figure 2. Attachment of strains 17484 (top panel) and NP-AIk (bottom

panel) to four soils as a function of soil concentration. Organic
carbon (OC) contents of the soils are: Capac, 3.46%; Colwood, 5.36%;

Oshtemo, 0.76%; Schoolcraft, 1.84%.
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Figure 3. Attachment of strains 17484 (top panel) and NP-AIk (bottom

panel) to four soils as a function of soil concentration. Attach-

ment was estimated by measuring the radioactivity of labeled cells

in cleared supernatants following settling of soil solids.
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Figure 4. Influence of sorption on the rate of naphthalene mineralization
by flagellated (F, open symbols) and deflagellated (DF, solid
symbols) cells of strains 17484 (a) and NP-AIk (b). Boxes are rates
measured in soil-free controls, circles are rates measured in soil
slurries.
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Figure 5. Attachment of flagellated and deflagellated cells of strains

17484 (a) and NP-AIk (b) to four soils (200 mg/ml) as a function

of soil organic carbon content, and in the presence of
chloramphenicol (50 ppm).
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TAXIS OF STRAIN 17484 TO CLAY MINERALS
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Figure 6. Taxis of strain 17484 (107 cells/ml in pool) to various clay

minerals as a function of clay concentration (in PBS) after one
hour incubations. Rche is the chemotaxis ratio, defined as the

number of cells in treatment capillaries divided by the number

of cells in control capillaries (PBS). Ali points represent the

means of triplicate capillaries.
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" _ IN STATIONARY PHASE CULIYFRES

10

° '.q

_. a B

|a a

0 '-"_-'_"_ ,'_ ,°. ,'-.
0" 200 400 600 800 1000

CULTURE AGE (ht)

NAPHTHALENE DIOXYGENASE MAINTENANCE
IN STARVED CULUTRES

10

0

[] 0

Q 0
0

a a_a 8

I 0 0I i t •= ='''=I " •
' I " ml_" 0 . m . , .

0 100 200 300 400 500
STARVATION TIME (hl')

Figure 7. Naphthalene dioxygenase activity of strains 17484 (open symbols)

and NP-AIk (solid symbols) as a function of culture age in

stationary phase cultures (top panel) or under starvation conditions

(bottom panel) following growth on naphthalene. Different symbols

correspond to separate experiments.
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INFLUENCE OF SORPTION ON 2,4-D MINERAIAZATION
KIN£TICS BY STRAIN FB-4
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Figure 9. Influence of sorption on the rate of 2,4-D mineralization by

Flavobacterium sp. strain FB-4 in slurries of four soils (200 mg/ml)

of varying organic carbon contents (solid symbols, see legend to

Figure 2 for soil OC contents). Data for soil-free controls are shown

as open boxes.



TABLE 1

Influence of clay minerals on the rate and extent of naphthalene mineralization
by strains 17484 and NP-Alk.

Mineralization rate enhancement* in the presence of

Organism Montmorillonite Pyrophyllite Hectorite Talc

17484 1.42 1.00 1.33 1.62
(1.04)** (1.13) (1.04) (1.11)

NP-Alk 0.89 0.80 0.93 0.80
(0.87) (C99) (0.87) (0.90)

* Initial mineralization rate in naphthalene-clay suspensions (2.0 mg clay ml-i)
divided by the rate in clay-free controls.
**Values in.parentheses are the ratios of vl/k values (extent of mineralization) in
clay suspensions to values in day-free controls.
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TABLE 2

Maintenanceofnaphthalenedioxygenaseactivityinstarvedand stationaryphase
culturesofstrains17484and NP-AIk.Enzyme halflivesdeterminedfrom first
orderdecaymodelfitsofplotsofactivityvs.time.

Naphthalene Dioxygenase tl/2

Organism Stationary Starved Starved/Stationary

17484 43.3 h 115.5 h 2.7

NP-Alk 13.1 h 69.3 h 5.3

17484/NP-AIk 3.3 1.7
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