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ABSTRACT

Several potential mechanisms of surfactant-induced inhibition of pentachlorophenol (PCP) biodegra-
dation were tested using a pure bacterial culture of Sphingomonas chlorophenolicum sp. Strain RA2.
Concentrations of the surfactant Tergitol NP-10 (TNP10) over 200 mg/L inhibit biodegradation of PCP at
concentrations below 100 mg/L . At PCP concentrations above 200 mg/L, TNP10 reduced the substrate
inhibition effect of PCP, resulting in faster PCP degradation rates at higher concentrations of TNP10. Mea-
surements of surfactant confirm that TNP10 is not degraded by RA2. Calculations of amicelle partition
coefficient (K ) show that the differencesin initial PCP degradation rates can be explained by accounting for

the amount of

Pcpavailabletothecell inthe aqueous solution. Also, TNP10 between 500 and 5000 mg/L did

not slow glucose degradation or endogenous oxygen uptake rates, indicating alack of general cellular toxicity
fromthe TNP10. A model is discussed based on these results where PCP is sequestered into micelles at high
TNP10 concentrations to become less available to the bacterial cell and resulting in observed inhibition as
opposed to amechanism of general cellular toxicity. Under substrate toxicity conditions, the same mechanism
serves to increase the rate of PCP biodegradation by reducing agueous PCP concentrations to less toxic

levels.
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INTRODUCTION

Theuse of surfactantshasthe potential
to increasethe biodegradation rates of hydro-
phobic organic compoundsin contaminated
environmentsby increasing thetota aqueous
solubility of these compounds. However,
inhibitory effectsof surfactantson thebiodegra-
dation process have frequently been reported
(Rouseetd., 1994). A variety of factorsand
mechanisms have been proposed to explainthe
inhibition process, including cdllular toxicity from
interaction of surfactant moleculeswith cell
membranes(changing fluidity) or directly with
membrane-bound proteins(Lahaand L uthy,
1992), direct inhibition of enzymesinvolvedin
the catabolic pathway either by associationwith
theenzymeor with thesubstrate (Gupteet d.,

1995), decreased bioavailability dueto seques-
tration of the substrate compound into surfactant
micelles(Tiehm, 1994), or theaccumul ation of
toxic intermediates dueto incompl ete metabo-
lismincurred from substrate-surfactant interac-
tions(Gupteet a., 1995). Thefutureutility of
surfactant-aided bioremediation effortsrelieson
theability to accurately predict the effect of
surfactantson agiven bacterial culturewitha
known set of organic contaminants.

PCPisawidespread environmental
contaminant of soils, surfacewaters, and
groundwater (McAllister eta., 1996). PCPisa
probabl e carcinogen and has been placed onthe
National PollutantsPriority List withamaximum
drinking water concentration of 0.22 mg/L (US
EPA, 1992). Over 678 sitesin the United
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States are contaminated with PCP, including
71 sitesontheNationa PrioritiesList
(USEPA, 1997).

MATERIALSAND METHODS

TNP10 and PCP Substrate Toxicity Tests
Batch testswere conducted in stexile
flaskscontaining 50 ml of autoclaved minimal
nutrient media(Widdel and Pfennig, 1977) at
pH 6.8 that were capped with sterile glasswool
and duminumfail to prevent contamination.
PCP (SigmaChemical Co. 95%) wasadded
from aqueous stock to produceten flasks
containing either 50, 100, 140, 220, or 300 mg/
L. TNP10 (SigmaChemical Co. 99%) was
then added to form duplicateflasks of each
surfactant concentration (0-3000 mg/L
TNP10). Each experimental flask wasinocu-
lated with 5% by volumeof liquid RA2 culture
grown to latelog phase on 100 mg/L PCP.
Experimenta setsincluded thefollowing con-
trols: 1) RA2 and 100 mg/L TNP10only, 2)
RA2 with no PCP or surfactant, and 3) 100 mg/
L PCPand 100 mg/L TNP10without RA2.
Flaskswereincubated inthedark at 10°C ona
shaker table. Samples (3 ml) weretaken every
5t0 24 hours, depending on growth rates.
Biomasswas measured spectrophotometricaly
at 600 nm and converted to dry mass measured
asvolatile suspended solids (VSS, 25) by a
standard curve. Sampleswerethen centrifuged
at 10,000 rpmfor fiveminutesto settlecellular
material, and the supernatant was measured for
absorbance at 320 nm to indicate PCP concen-
tration. Absorbance measurementswere made
onaShimadzu UV 160 UV-VisibleRecording

Spectrophotometer. Standard curvesfor PCP
solutionscontaining TNP10indicated that the
surfactant concentration did not affect the
absorbance of PCP.
Determination of Micelle Partitioning
Coefficient

PCP (10 mg) was added into 100 ml of
deionized water adjusted to pH 2 containing O
t0 1256 mg/L TNP10. Without surfactant, the
solubility of PCPat pH 2 (25°C) is2.98 mg/L
(Arcandetal., 1995). Sterilebatch bottles
were sealed with auminum crimp capsand
allowed to shakeinthedark at 25°C for oneto
twoweeks. Liquid samples(10 ml) werethen
extracted from the crimped bottlesby syringe
andfiltered through a0.22 pm glassfiber filter
toremovesolid PCP. Five 10-ml volumeswere
extracted and filtered in thismanner prior tothe
actua sampleto wet thesyringe, filter, and
glassware so asto minimize sorption losses of
surfactant and PCP. Thefina filtered sample
was measured for PCP concentrationvia
absorbanceat 320 nm.
Surfactant Toxicity on Endogenous Decay
and Glucose Metabolism

Culturesof RA2 (50 ml) weregrown on
100 mg/L PCPto latelog phase/early endog-
enousdecay (PCP concentration <5 mg/L) and
measured for biomass concentration. The
decreasein dissolved oxygen (DO) inaclosed,
stirred flask dueto endogenous decay wasthen
measured by DO probe (Y SI Model 5750
BOD probeand Y SI Model 52 DO meter).
After threehours, 0-5000 mg/L TNP10was
injected into theflask and DO was measured
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for an additional threehours. A control with
100 mg/L PCP but no RA2 wastested to
determinetheeffect of temperaturefluctuation
on DO measurements.

Culturesof RA2 (50 ml) weregrown on
100 mg/L stexilefiltered glucose (SigmaChemi-
cal Co. 98%) to early log phase (~ one day)
and measured for biomass concentration. Tests
for oxygen uptakeratewereperformedina
similar manner aswith endogenousdecay rates
asdescribed above. During DO measurements,
areplicateflask wasrun smultaneoudy inthe
samewater bath. Both flaskswere measured
for DO uptakefor 10 minutes (every 5 sec-
onds). After 10 minutes, oneof theflaskswas
injected with surfactant. Thereplicateflask was
injectedwithanidentical volumeof distilled/
deionized water at the sametime. DO mea-
surementswere continued for an additional 10
minutes. Two additiona controlscontaining 100
mg/L glucose and no RA2 wererunfor back-
ground changesin DO. Oneof thereplicates
wasinjected with 5000 mg/L TNP10 after 10
minutesto evaluate any changesin DO dueto
interaction of surfactant with glucose. Dissolved
oxygen uptakeratewascal culated inthe same

manner asendogenousdecay tests, withthe
exception that datain thecal culationsweretaken
only 10 secondsafter the system perterbation.

RESULTS

TNP10 and PCP Substrate Toxicity Tests

At 300 mg/L PCP and 10°C, PCP
degradation by RA2 wascompletely inhibited
under al surfactant conditions (0-1500 mg/L
TNP210). Initial degradation ratesat 220, 140,
and 100 mg/L initial PCPunder varying surfac-
tant concentrationsareshownin Table 1. The
dow degradation ratesat higher PCP concen-
trationswithout surfactant present indicatea
severe substrateinhibition above 100 mg/L
PCP. Below 100 mg/L PCP, substrateinhibi-
tion effectswere not observed.

Athighinitial PCP concentrations, the
addition of TNP10 enhanced PCP degradation
rates. Thisisincontrast to previousresults
showingthat at initial PCP concentrations of 50-
100 mg/L, TNP10 addition inhibited PCP
degradation (Cort and Bielefeldt, 2000). The
initial rates of PCP degradationin Table 1 show
that at 50 mg/L initial PCP, the degradationrate
dowsas TNP10 concentrationincreases,

Tablel. Initial PCP degradation rates (-d[ PCP]/dt) at different TNP10 concentrations, in mg/L hr.

I nitial [PCP]total [TN PlO] (mg/L)
(mg/L)
1500 1000 500 100 0
300 0.00 -0.01 -0.01 0.01 -0.01
220 0.07 0.01 0.00 0.00 0.02
140 0.19 0.14 0.08 0.07 0.11
100 0.23 0.26 0.36 0.27 0.33
50 0.08 0.17 0.23 0.26 0.30
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whereasat 220 mg/L initial PCP concentration,
itsdegradation rateishighest with 1500 mg/L
TNP10addition. Theoverdl ratesat higher
initial PCP concentrationswithout TNP10are
dower, indicatingthat TNP10isservingto
mitigatethesubstratetoxicity of PCPrather than
enhancethe PCP degradationrate over controls.

Determination of Micelle Partitioning
Coefficient

To estimate the concentration of PCP
partitioned into themicellar and free aqueous
phase, the solubility of PCPinthe presence of
TNP10 wasdetermined at pH = 2 to ensure
that all of the PCPwasun-ionized. PCP
concentrationincreased linearly assurfactant
was added intherange of 0-1256 mg/L
TNP10, yidding adope(Molar Solubilization
Ratio, MSR) of 0.0017 molar PCP/molar
TNP10. The M SR wasused to calculatethe
micelle-phase/aqueous-phase partition coeffi-
cient, K based onthemolefractionsof PCPin
either phase (Edwardset d., 1991). The
calculatedK atpH=2is1886. To convertto

K, apH 7 therelationshipof K tothe
octanol-water partition coefficient, K , was
utilized (Edwardset a., 1991). Edwardset al.
(1991) haveshownthat theratioof logK  to
logK_, isapproximately 1 for PAH compounds
inTNP10 (Edwardset d., 1991). Assuming
thisratioistruefor PCP, sinceK , can account
for the decreased hydrophobicity upon PCP
aciddissociation, theK | vauesfor PCPat a
pHof 2(logK , =5)and 7 (logK  for sum of
ionized and unionized PCP = 3)
(Christodoulatos and Mohiuddin, 1996) were
usedto calculatean gpproximate K of 19 at
pH=7. ThiskK valuewasusedto estimatethe
free aqueous PCP concentrationsfromthe
measured total PCP concentration.

Theinitia rate of PCP degradation
corrected for biomasswas cal culated for each
degradation curve containing 0, 500, and 1500
mg/L TNP10 asafunction of theagueousinitial
PCP concentration at 10°C. Initial degradation
ratesfor cultures containing 500 and 1500 mg/L
TNP10werea so calculated assumingamicelle

Table2. Initial PCP degradation rates corrected for biomass (-(d[PCP]/dt) (1/X)) at different
TNP10 concentrations (hr). Datashown with and without correction for micellepartitioning

coefficient (K. ).
[TNP10] (mg/L)
Initial [PCP],_,,
(mg/L) Not Corrected for K | Corrected for K _=19

0 500 1000 500 1000
50 0.30 0.23 0.08 0.33 0.13
100 0.33 0.36 0.23 0.41 0.32
140 0.11 0.08 0.19 0.10 0.30
220 0.02 0.00 0.07 0.03 0.12
300 -0.01 -0.01 0.00 0.00 0.00
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partition coefficient of 19. Resultsareshownin
Table2. Theobserved ratesof initial PCP
bi odegradati on were much closer to the surfac-
tant-free control after accounting for PCP
sequesteredintothemicdle. Thisisparticularly
true at |lower PCP concentrationswhereinitial
biodegradation rateswere higher.
Surfactant Toxicity on Endogenous Decay
and Glucose Metabolism

Measurementsof dissolved oxygen
(DO) uptakerate were conducted on RA2 cells
during endogenous decay and glucose degrada-
tion. Endogenousdecay measuresthecellular
respiration activity of the bacteriawith no PCP
present in order toisolate the effect of TNP10.

Glucose metabolismtestsutilized asubstrate
that isexpected to partition very littleintothe
surfactant micelle, thereby diminating
bioavailability asapossibleinhibition mecha-
nism. Table 3 showsthe DO uptakerate before
and after theaddition of varying amounts of
TNP10. Itisapparent, based on the percent
changesin DO uptake, that TNP10 addition
doesnot decreasethe cell activity during
endogenousdecay or during glucose metabo-
lism. Theresultssuggest that TNP10isnot
inherently toxicto RA2 cells. Onthecontrary, it
appearsthat addition of surfactant increasesthe
rate of endogenousdecay. Theincreasein DO
uptakeisnot dueto surfactant degradation since

Table 3. Effect of TNP10 addition on endogenous decay and glucose metabolism, measured by

dissolved oxygen uptakerate.
- . , )

Test Type [Inl:lgljig)] I?Sgll_ F:n?;(; IZ?;LRn?r?) % Change
End. Decay 0 2.3 1.7 -26
End. Decay 50 4.0 4.6 15
End. Decay 100 3.0 2.6 -15
End. Decay 1000 21 3.6 70
End. Decay 2000 15 49 223
End. Decay 3000 3.6 6.2 73
End. Decay 5000 15 4.8 230
Glucose Met. 0 24 24 0

Glucose Met. 100 7.1 54 -24
Glucose Met. 500 6.8 7.1 5

Glucose Met. 1000 54 44 -19
Glucose Met. 5000 2.2 5.7 155

a Average DO uptakerate beforeinjection of TNP10.
DO uptake rate after injection of TNP10.
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batch testsfound no decreasein surfactant
concentration and no increasein biomass
concentration when RA2 and TNP10were
incubated together.

DI SCUSSION

TNP10 does not appear to inhibit PCP
bi odegradation by amechanism of generd
cellular toxicity. Firgt, thedissolved oxygen
uptakeratesof RA2, after addition of TNP10,
show that lessthan 5000 mg/L surfactant does
not inhibit the cell metabolism. Since PCPisnot
present, thisuptakeratereflectsthegeneral cell
metabolism of RA2 rather than any effects
uniquetointeraction between the hydrophobic
substrate and the surfactant molecules. How-
ever, anincreasein endogenous decay rates
was observed after addition of high TNP10
concentrations. Thissuggeststhat cdllular
activity actualy increaseswith surfactant addi-
tion, arguing strongly against agenera mecha
nismof cdlular toxicity. Similarly, theaddition
of TNP10did not inhibit DO uptakerates
during growth on glucose. Itisknownthat
glucosepartitionsvery littleinto surfactant
micellesduetoitspolar nature. Thissuggests
that theinhibition effect could be explained by
the decreasein available, agueous-phase PCP
inthe presence of higher concentrations of
surfactant micelles. Second, at high concentra-
tionsof PCP, TNP10 increasesthe biodegrada-
tion rate of PCP at TNP10 concentrationsas
highas1500mg/L. Thisresult cannot be
explained by amechanism of inhibitioninherent
tothesurfactant interactionwith thecell.

The observation of enhanced PCP
degradation ratesin the presence of high surfac-

tant concentrationsalso arguesagainst an
inhibition mechanisminvolving catabolicen-
zymes. Itisdifficult to hypothesizeamechanism
of surfactant inhibition on catabolic enzymesthat
can bereversed inthe presence of high PCP
concentrations. Themitigation of thisPCP
substratetoxicity by TNP10 a so suggeststhat
TNP10isnot acting on just the catabolic
enzymes. Finaly, initid resultsinthislabindi-
catethat aclassc, competitive enzyme-inhibition
model, based on Michaelis-Mentenkinetics, is
inadequate to explain the observed inhibition of
PCP degradation by TNP10 between 0-100
mg/L initial PCP (Cort and Bielefeldt, 2000).

Thebacterid system usedinthesetests
precludestheinfluence of metabolicintermedi-
atesinthesurfactant effects. Therate-limiting
step in PCP degradation has been shownto be
thefirgt enzymatic step (monooxygenation of
PCPtotetra-chlorohydroquinone) (McAllister
et a., 1996) so that metabolitesof PCP degra-
dation do not accumulatein wholecell systems.
Moreover, theintermediate aromatic metabo-
litestetrar, di-, and mono-chlorohydroquinones
absorbinthevisiblelight region. No color
changewasseenincell culturesduring TNP10
inhibition studiestoindicatethe accumulation of
theseintermediates.

It appearsthat micellesequestrationisa
likely predominant mechanismfor TNP10
inhibition of PCP biodegradationin agueous
systems. Thismode predictsthat Smilar rates
of PCP degradationwill be observed for smilar
free aqueous PCP concentrations. By account-
ing for the PCP sequestered inthemicelle, the
initial degradation ratesfor solutionscontaining
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0-1500 mg/L TNP10 beginto overlap (Table
2), whichiscong stent with the sequestration
model. Calculationsutilizingthemicelleparti-
tioning coefficient dsoindicatethat at high
TNP10 concentrations, enough PCP partitions
into the micell e to decrease the aqueous PCP
concentrationsto non-toxiclevels. Thismodel
also accountsfor the observed experimenta
results. Below thethreshold of PCPtoxicity
(~150 mg/L at 10°C), added surfactant can
inhibit PCP degradation rates because PCP
partitioned intothemicelleisunavailabletothe
RA2 cdll. Theratethen becomesdependent on
partitioning ratesof PCP between micelle,
aqueous, and cell phases. Above 150 mg/L
PCP, the surfactant enhances PCP degradation
ratesby reducing aqueous, ‘ available’ PCP
concentrationsbelow thethreshold of toxicity.

Surfactant-enhanced bioremediation
applicationsdepend on afaster overall biodeg-
radation rate of thetarget compound. Dueto
the decreased availability of PCP sequestered
intothemicelle, such an gpplicationwill only be
beneficid if thesurfactant increasestherate of
PCP desorption from the soil or dissolution
from nonaqueous-phaseliquids. Also, the
transfer rate of PCP between soil, water, and
micelle phases must be greater than therate of
soil-to-water transfer in the absence of surfac-
tants. Inthisway, surfactant micellescould
increasetheoverdl transfer rate of PCPfrom
soil to the agueous phase. Further work is
needed to measure the masstransfer rates
between different phasesand to determineif this
micelle-sequestering mechanismiscommonto
other bacteriaand organic contaminants.
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