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Abstract: Biodegradation kinetics of naphthalene, phen-
anthrene and pyrene were studied in sole-substrate sys-
tems, and in binary and ternary mixtures to examine sub-
strate interactions. The experiments were conducted in
aerobic batch aqueous systems inoculated with a mixed
culture that had been isolated from soils contaminated
with polycyclic aromatic hydrocarbons (PAHs). Monod
kinetic parameters and yield coefficients for the indi-
vidual compounds were estimated from substrate deple-
tion and CO, evolution rate data in sole-substrate experi-
ments. In all three binary mixture experiments, biodeg-
radation kinetics were comparable to the sole-substrate
kinetics. In the ternary mixture, biodegradation of naph-
thalene was inhibited and the biodegradation rates of
phenanthrene and pyrene were enhanced. A multisub-
strate form of the Monod kinetic model was found to
adequately predict substrate interactions in the binary
and ternary mixtures using only the parameters derived
from sole-substrate experiments. Numerical simulations
of biomass growth kinetics explain the observed range of
behaviors in PAH mixtures. In general, the biodegrada-
tion rates of the more degradable and abundant com-
pounds are reduced due to competitive inhibition, but
enhanced biodegradation of the more recalcitrant PAHs
occurs due to simultaneous biomass growth on multiple
substrates. In PAH-contaminated environments, sub-
strate interactions may be very large due to addi-
tive effects from the large number of compounds pres-
ent. © 1999 John Wiley & Sons, Inc. Biotechnol Bioeng 65:
491-499, 1999.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHS) are important en
vironmental contaminants because of their known or su

S_

pected carcinogenicity, and because of their extensive oc-
currence as environmental pollutants. Significant interest in
the potential for bioremediation of PAH contaminated sites
has resulted in considerable progress toward understanding
biodegradation of PAHs and degradation pathways (Evans
et al., 1965; Gibson and Subramanium, 1984; Bossert and
Bartha, 1986; Mueller et al., 1989; Weissenfels et al., 1990;
Bouwer et al., 1992; Cerniglia, 1992). Much of this research
has focused on individual compounds, whereas at contami-
nated sites PAHs usually occur as mixtures of compounds
(Luthy et al., 1994).

Biodegradation kinetics in PAH-contaminated environ-
ments are complicated by the possibility of substrate inter-
actions. Few studies have investigated the kinetics of
growth and substrate depletion in systems containing mix-
tures of PAHs. An early study on the impacts of PAHs on
the rates of disappearance of other PAHs in sediments re-
vealed that interactions may result from enzyme inductions
that occur due to pre-exposure of a culture to a PAH com-
pound (Bauer and Capone, 1988). The study by Keck et al.
(1989) on PAH biodegradation in prepared mixtures and in
complex wastes showed both positive and negative sub-
strate interactions. The half-lives of PAHs in sole-substrate
systems were shorter than those in PAH mixtures, indicating
competitive inhibition. However, when the PAH mixtures
were present in matrices containing other degradable hy-
drocarbons (refinery waste, creosote), cometabolic interac-
tions overrode the competitive inhibition effects. A study
that combined PAHSs with polar creosote-related compounds
(Millette et al., 1995), showed that phenanthrene biodegra-
dation may be inhibited by the presence of more soluble and
degradable compounds. In a study using six different bac-
terial strains and mixtures of six PAHs, Bouchez et al.
(1995) observed a variety of substrate interaction effects
depending on the choice of bacterial strain and the PAH

* Present addresDepartment of Civil Engineering, Indian Institute of Mixture. Kelly and Cerniglia (1995) observed that the min-

Technology, Kanpur, India.
Correspondence toC. Peters

eralization rates of individual PAHs were reduced by the
presence of other PAH compounds. Furthermore, they in-

Contract grant sponsors: National Center for Integrated Bioremediatiorferred that the initial oxidation step of PAH biodegradation

Research and Development (NCIBRD) through the Department of Defense
Strategic Environment Research and Development Program (SERDP)

Is not compound-specific, as degradation was observed for

Contract grant number: Cooperative Agreement CR822922 by the U.S range of different PAHs. Another recent study (Stringfel-

EPA

© 1999 John Wiley & Sons, Inc.

low and Aitken, 1995), reported competitive inhibition of

CCC 0006-3592/99/050491-09



phenanthrene uptake by naphthalene, methylnaphthalentken over then substrates. The specific growth ragg, is
and fluorene, providing compelling evidence of commonrelated to the concentrations of the substrates through the
enzyme systems for biodegradation of a number of PAHsmultisubstrate Monod growth relationship:
Shuttleworth and Cerniglia (1996) also observed inhibition c
of phenanthrene degradation in the presence of naphthalene i :M, @)
for three different microbial strains. 0 K
This brief overview of the literature reveals that substrate Kei+ Z (= G
interactions for PAH mixtures have been observed and there =
is no simple rule for predicting these interactions. Hencewhere p,.,; is the maximum specific growth rate from
simple models that do not account for the combined effectsubstrate, C; is the concentration of substrateKg; is the
of inhibition due to the presence of preferred substrates anblalf-saturation constant for substrateandKg; is the half-
enhanced degradation due to the presence of multipleaturation constant for each substijateqg. (2) assumes that
growth substrates may not be suitable for predicting bioall the components in the mixture share a common rate-
degradation rates of PAHs in contaminated environmentdimiting enzyme reaction pathway. This relationship is
The objective of this study was to examine substrate interanalogous to the theoretical multisubstrate enzyme kinetic
actions in simple PAH mixtures, and to evaluate the potenexpressions derived by Segal (1975) and presented by Costa
tial of a multisubstrate Monod kinetic model to describe theand Malcata (1994), Yoon et al. (1977), Machado and
biodegradation kinetics. This paper presents results frontsrady (1989), Chang et al. (1993), and Stringfellow and
biodegradation experiments with naphthalene, phenarAitken (1995). Eq. (2) is different from the substrate inter-
threne and pyrene as sole substrates, and as binary aadtion models discussed by others, in which the summation
ternary mixtures. The experiments were conducted usingn the denominator is replaced wi@) + K, wherekK; is an
aerobic aqueous systems and a mixed culture under condémpirical interaction parameter (Klecka and Maier, 1988;
tions approaching intrinsic kinetics for the compounds studOh et al., 1994). The relationship in Eq. (2) is fully predic-
ied. Monod kinetic parameters and yield coefficients fortive in the sense that the parameters can be determined from
individual compounds were estimated from experimentaindependent measurement in sole-substrate systems.
observations of substrate depletion and carbon dioxide pro- The use of this model as a predictive tool implies an
duction rates in sole-substrate systems. These parameterssumption that the microbial community in the multisub-
were used in the multisubstrate Monod kinetic model tostrate system is comparable to that in the sole-substrate
predict the biodegradation rates of the PAHs in binary andsystems with respect to physiological state. This assumption
ternary mixtures. The experimental observations from thds valid, even in a mixed culture system, provided that all
multisubstrate experiments are presented and compardble substrates are utilized by a common enzyme system. For
with the model predictions to examine the validity of this PAHSs, this is a fairly good assumption in light of the find-
modeling approach. Finally, the substrate interaction findings of Kelly and Cerniglia (1995) and Stringfellow and
ings are explained using simulations of biomass growth ki-Aitken (1995) discussed above. Hence, despite the com-
netics in multisubstrate systems. plexities present in a mixed culture system, this relatively
simple predictive model may be useful to describe biodeg-
radation kinetics of PAH mixtures in the field or in engi-
THEORY OF MULTISUBSTRATE MONOD neered systems where mixed cultures exist.

KINETIC MODELING The mathematical implication of the summation term in
Substrate interactions may result from the dual effects of (ifhe denominator of Eq. (2) is that; in the multisubstrate
competitive metabolism in which one substrate inhibits thecase is less than the specific growth rate that would be
utilization of another because of competition for the activePredicted by sole-substrate Monod kinetics. However, since
binding site of an enzyme and (i) the fortuitous growth of the total biomass growth rate in the multisubstrate case is
biomass due to the presence of multiple substrates. The firrger than what would occur if there was only one substrate
will negatively impact a substrate’s biodegradation rate andEQd- (1)), the actual substrate depletion rate can be en-
the second will enhance it. The multisubstrate Monod ki-hanced. These two competing effects are captured in the
netic model has the capability to capture both these intersubstrate depletion rate equation:
action effects. dC WX
In a multisubstrate system in which all the substrates can — = )
serve as primary substrates for growth, biomass growth is dt Yi
due to the utilization of all the compounds: whereX is the biomass concentration aNgis the biomass
N yield coefficient from growth on substrateThen different
MT=E i @ substrate depletion relations (Eqg. (3)) combined with an
= expression for biomass growth rate

where .+ is the total specific growth rate ang, is the dX

specific growth rate on substrateand the summation is dt - X, “)
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represent a system of differential equations coupled througB2) of the Wurtsmith Air Force Base, 13-15 ft below land
the dependence of eagh on the concentrations of all the surface. An analysis of the soil (Clayton Environmental,
substrates. Depending on which substrates are present, thé®95) showed that it was contaminated with 24 mg/kg of
initial concentrations, the initial biomass concentration, anchaphthalene, 1.3 mg/kg of phenanthrene, as well as traces of
their respective affinity constants and maximum specificother PAHs. The enrichment culture was maintained as a
growth rates, the biodegradation rates for the individuaktock culture by periodically replenishing with fresh nutri-
compounds in a mixture may be enhanced or reduced relant solution (BOD dilution water made from the buffer pil-
tive to the comparable sole-substrate case. These effects dosvs obtained from HACH Company) and a mixture of
discussed in detail in the section “Biomass Growth Simu-naphthalene, phenanthrene, and pyrene dissolved in a small

lations.” amount of methanol. Prior to each biodegradation experi-
ment, a sample from the stock culture was washed 5 times

MATERIALS AND METHODS with (11000 mg/L of Brij 35 surfactant followed by 3 washes
with BOD dilution water until the concentration of Brij 35

Chemicals and Chemical Analysis was reduced below detection. The sample was then main-

The PAHs used in this study were naphthalene, phenar%—amed " the absence of.a growth substrate for 24 h prior to
. Inoculation of the experiment vessel. A sample of the in-
threne, and pyrene. The sole-substrate experiments were X
Y oculum was extracted with octanol and the extract analyzed

performed with~“C-labeled compounds, purchased from

Sigma Chemical Company. Radiolabeled naphthalene w to quantify any carryover solute. Often a very small amount

uniformly labeled. Radiolabeled phenanthrene was Iabeleco'ggsr;?é%%i rgs%lr'ga?; %3f/rt(ehr’13esv(\)/ﬁljstedﬁ]ttiﬁteegxargdri;?:nltnlstlasl_
at the 9th carbon. In the radiolabeled pyrene, the 4th, 5t P Y

: m was corrected accordingly.
9™ and 10th carbons were labeled. The multisubstrate ex-e corre ccordingly . .
Quantification of biomass was carried out by two inde-

periments were conducted with nonradiolabeled com- . .

. . endent procedures. Bio-Rad protein assay was used to
pounds, purchased from Aldrich Chemical Company. Th . . . )
ineasure biomass as total protein (Bio-Rad Laboratories,

purity of the nonlabeled compounds were 99+%, 98%, anc?Qichmond CA). The cell protein in the sample was solu-

99% for naphthalene, phenanthrene, and pyrene, respeg:. : L
tively. The aqueous solubility values at 20°C, reported in!():lllzed by putting the sample vial into an ultrasound bath for

the literature are, 31, 1.4, and 0.14 mg/L for naphthalene12 hflollowed byhsteam blath gt 12.0 Crfloré)pelsag hour. The
henanthrene, and pyrene, respectively (Mackay et aISamp es V\{ere't en analyzed using the Bio-Ra assay pro-
2992) ' ’ ¢edure which is based on the Bradford method, with bovine

. . globulin as the protein standard. All the samples were
Radiolabeled compounds were analyzed using a I:)‘Fj“:kagjnal zed in duplicate and at two different dilutions. Bio-
Tri-carb 1900TR liquid scintillation counter. Disintegra- y P :

. . mass was also quantified as Total Organic Carbon (TOC), in
tions per minute (DPM) data were converted to concentra- . -
. . a Coulometrics Inc., TOC-TC analyzer. Liquid samples
tions of solute, expressed as equivalent carbon, from a stan- - o : .

. were oxidized at 900°C in a pure oxygen environment in the
dard curve prepared from the stock solution of known solute . )
concentration and radioactivit presence of barium chromate and reduced silver catalysts.

Y. The carbon dioxide produced was measured in @ CQu-

A Hewlgtt Packard high-pressure “qu'd. chromatographlometer (ASTM D4129-82). The TOC of the biomass was
(HPLC) with UV and fluorescence detection was used tocom uted from the difference between the bulk sample and
quantify the nonradiolabeled PAH compounds. The colum P b

was HP Spherisorb ODS 2, 5 mm,5.2 4 mm. The oper- The filtered (through 0.2em inorganic filters) sample. Five

ating conditions were flow rate of 1.5 mL/min, temperaturerephcates of each sample were analyzed.
of 30°C, injection volume of 10 mL, mobile phase of ace-
tonitrile and water, a uniform gradient from 40:60 (aceto-Biodegradation Experiments
nitrile/water) to 80:20 during the run time of 10 min. Naph- . . .

. . ole-substrate biodegradation experiments were conducted
thalene was detected with the diode array UV detector a? . : . )
in 25-mL reaction vessels that contained in their headspace

220 nm for the concentration range of 0.75-31 mg/L. Fluo-al brass cup containing KOH solution to trap evolved,CO

forconcentations below 0.75 molL. The detecton i or | ¢ Neadspace was suffet to provde oxygen to the aque-
naphthalene was 0.01 mg/.L Phena.nthrene was detected qus culture which was stirred to facmtgte mass transfer to
ing the quorescencé detecto.r atex. 248 nmand em. 395 n {Re gas phase. The oxygen concentrgnon was measu_r_ed be-
with a detection limit of 0.002 mg/L. Pyrene was detecte(;rflor.e and a}fter the expenmer_u to verify aerobic conditions

‘ ‘ isted. Biomass concentrations were measured only at the

using the fluorescence detector at ex. 230 nm and em. 38D S . L 7

. SR eginning of the experiment for a determination of initial
nm, with a detection limit of 0.001 mg/L. e . .

conditions. The solutions from the reaction vessel and the

KOH cup were analyzed at the beginning and at certain time
intervals to monitor substrate concentration and carbon di-
An enrichment culture was isolated from a contaminatedxide production. A total of approximately 120 experimen-
soil sample collected from the Fire Training Area 02 (FTA- tal observations covering two different initial biomass con-

Biomass and Biomass Analysis
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centrations and a full range of solute concentrations (neadll the parameters describing physical/chemical processes
zero to near aqueous solubility) were obtained for eachvere determined through independent experiments, leaving
compound. Independent abiotic batch experiments werenly the Monod biokinetic parameters for empirical fitting
conducted to estimate the partitioning onto the apparatudp the sole-substrate experimental data.
partitioning onto the biomass, volatilization kinetics and Parameter estimation was accomplished by combining
gas/liquid phase equilibrium. The endogenous decay coethe differential mass balance equations with a nonlinear
ficient, b, was measured in an experiment in which biomasgarameter estimation algorithm. For each PAH, the data set
was aerated in the absence of a growth substrate and bigensists of experimental observations of substrate concen-
mass concentration was measured with time. The details dgfation (C) and carbon dioxide concentratio€@,) with
sole-substrate experimental procedures have been pretime. For each data point, the residuals are defined as
ously reported (Guha and JaffE996). - «

The biodegradation experiments with binary and ternary ec =C - Candeco, = CO, - CO, (6)

mixtures of PAHs were performed in 30 mL crimp-sealed, o6 the  denotes the predicted values. A maximum like-

serum vials with Teflon-lined caps. Because of the use Ofi 44 estimation method was used to estimate the Monod

nonlabeled substrates, no carbon dioxide data were oq(- : - -
i ; ’ i o . inetic parameter K., and yield coefficienty. The
tained. The vials were sacrificed periodically and duplicate P Fmax s y

; . ) objective function subject to minimization was (Bard, 1974)
samples were withdrawn using a syringe and expressed
through a presaturated Ou2n inorganic syringe filter, An-

otop 10 from Whatman. The samples were analyzed using

HPLC. Abiotic control experiments were performed in par- . . . .
b b b wheren in Eq. (7) is the number of observations in the data

allel to estimate the volatilization kinetics and equilibrium 0 is th . K () is th
partitioning. The initial concentrations of solutes and bio-S€b ) 1S the pargmeter matrlx, anil (0) is the moment
maitrix of the residuals given by

mass used for the multicomponent experiments were similal

to those used for the sole-substrate experiments and are Eez Ee e

listed in Table I. The aim was to use high initial substrate M(6) = |: ¢ © °°2:|
Eececoz Ee?:oz

concentrations so as to approach intrinsic kinetic conditions
Minimization was accomplished using Broyden—Fletcher—

(Grady et al., 1996), while being below the aqueous solu-
bilities of the compounds. Goldfrab—Shanno algorithm. The optimum parameter val-
ues were found to be robust as determined from repeated

PARAMETER ESTIMATION AND MODELING minimization runs using different initial guesses for the pa-
rameters.

f(6) = g log[detM (0)], @)

(8)

Estimation of Monod Kinetic Parameters and
Yield Coefficients Multisubstrate Biodegradation Modeling

The mass-balance differential equations for substrate an@y analogy with the mathematical modeling of the sole-
biomass concentrations for the sole-substrate experimentgpbstrate biodegradation experiments, the mass-balance
systems have been previously presented (Guha and, Jaffeduations describing the behavior of substrates and of bio-
1996). Partitioning of the compounds onto the apparatugass in the multisubstrate biodegradation experiments are
and biomass were modeled as equi”brium par[ition iso.dGVE'Oped. The first equation is the differential equation for
therms. Liquid to gas phase partitioning was modeled as &€ concentration of substraiten the liquid phase(;,

dynamic process. Biodegradation kinetics were modeled by dc, 1 C..
the sole-substrate Monod kinetic formulation, (1+ Kag, *+ Komsi X) 5 = = X~ Kug (C, 7 5 L)
i H,i
. p-'maxici ) ©)
= Kgi+ G’ where the symbols that have not been previously defined are
Table I. Initial substrate and biomass concentrations for the multi-substrate experiments.

Initial substrate

concentration [mg/L] Initial biomass
concentration as
Mixture 1) 2) 3) protein [mg/L]
Naphthalene (1) and Phenanthrene (2) 16.05 0.81 — 1.2
Naphthalene (1) and Pyrene (3) 18.73 — 0.085 1.1
Phenanthrene (2) and Pyrene (3) — 0.83 0.075 25
Naphthalene (1), Phenanthrene (2), and Pyrene (3)  21.0 11 0.05 0.25
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as follows:Ky,; is the equilibrium partition coefficient for RESULTS AND DISCUSSION
sorption onto the apparatus [dimensionlesg],q; is the
equilibrium partition coefficient for sorption onto biomass
[L/mg], K, ;* is the equilibrium partition coefficient for
partitioning to the headspace [dimensionlesg},; is the
mass transfer rate coefficient between the water phase arble Il summarizes the Monod biokinetic parameter val-
head space [H], andC,; is the concentration dfin the gas ~ ues that were obtained from the sole-substrate experiments.
phase [mg/L]. Because volatilization to the headspace iBecause the experiments were necessarily conducted at con-
modeled kinetically, a second mass balance equation igentrations that are quite low, there is the concern ihat
needed for the concentration of substrate in the gas phaseannot be independently determined (Grady et al., 1996).
Examination of the error surface ovef,., andKgrevealed

dCy; f,, o that the estimated parameters are somewhat correlated.
a - Kug,i s <Ci TR ) (10)  However, the objective function (Eq. (7)) was indeed found

Y H to have a true minimum at the parameter values reported in
Table Ill. We conclude that the experimental data did con-
tain sufficient information about both parameters but that
Shieir error structures are correlated. Because of this corre-
lation, meaningful confidence intervals for the parameters
.\ cannot be estimated. However, one can consider their pre-
d_X: 2 b X~ bX, (11) cision to be within a factor of 2. _
dt < The values oKg ; are roughly equivalent to the aqueous

solubilities of the individual PAHs. The values @f,,,;

decrease by roughly an order of magnitude for each addi-
tional aromatic ring. This implies that at high concentrations
in sole-substrate systems naphthalene would degrade more
eguickly than phenanthrene, which would degrade more
substrate experimental data. quickly than pyrene. At solute concentrations well below

The abiotic parameters were estimated from independentS: first-or_der kinetics will _dor_ningte. The values gfay/
batch experiments, for which the methods have been previ-S: are quite comparable indicating that at low concentra-

ously described (Guha and Jaff€996). The parameters tions éhh? blo?(fegradatlorr: ra:;c]es O,Lﬂt]eiﬁ (;()tTpOUdefS are not
Kagir Kugi @nd K* were estimated in multisubstrate sys- very diterent from each other. Note that these Inferences

tems. The partition parameter for the biomalsg,(;) was regardlp_g tyodeglradatlon rates represgnt inherent biode-
radability in liquid cultures. The experiments were care-

estimated for each compound in the sole-substrate systerr%

and it was assumed to remain the same for the muItisub—UIIy designed to account for physical/chemical processes

strate mixture. The endogenous decay coefficieniwas governing bioavailability, and as such the biokinetic param-

assumed to be the same for all the biodegradation experﬁe—terS are independent of these processes.

ments. The measured values of this parameter and the abi-

otic parameters are listed in Table IIl. The set of coupledyjultisubstrate Biodegradation: Binary Systems
nonlinear ordinary differential equations (Egs. (9—11)) was

solved numerically using a Picard iteration scheme withThe symbols in Figs. 1-3 show the experimental observa-
Euler backward time stepping. The initial concentrations oftions of substrate concentrations over time from the mul-
substrates and biomass were set to experimentally measurbigubstrate experiments involving binary mixtures. The error
values (Table ). bars are the pooled standard deviations using the replicate
measurements for each vial sacrificed at a particular time
point. For some of the observations the error bars are
smaller than the symbols. Also shown in these figures are

Monod and Abiotic Parameters for
Individual Substrates

wheref,, andf; are the fractional volumes of water and head
space, respectively [dimensionless]. Finally, a mass balan
equation is written for biomass in the liquid phase:

where b is the first-order endogenous decay coefficient
[h™Y. The multisubstrate Monod kinetic growth relationship
in Eq. (2) is used fop,; in EqQ. (9) and (11) using the Monod
parameters and yield coefficients estimated from the sol

Table Il.  Abiotic and endogenous decay parameter values for the multi

substrate biodegradation experiments. the predicted substrate depletion curves according to the
multisubstrate model (solid curves). For comparison, the

Parameters Naphthalene Phenanthrene Pyrene

Kag - - - o . .

oo : o o1 T e e e

Kug [N 0.002 0.01 0.015 :

Kiy* 0.5 1.0 3.0 Parameters Naphthalene Phenanthrene Pyrene

f, 0.57 0.57 0.57

fo 0.43 0.43 0.43 e [T 0.23 0.037 0.8 x 1¢°

b [hr] 0.0039 0.0039 0.0039 K, [mg/L] 23.75 0.8 0.11

. ) L - Y 0.485 0.497 0.502
— experiments did not show any significant positive values.
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Figure 1. Biodegradation in a binary mixture of naphthalene (a) and Figure 2. Biodegradation in a binary mixture of naphthalene (a) and
phenanthrene (b). Symbols are experimental observations; solid curves apgrene (b). Symbols are experimental observations; solid curves are pre-
predicted using multisubstrate Monod kinetics; dashed curves are predictedicted using multisubstrate Monod kinetics; dashed curves are predicted
using sole-substrate Monod kinetics. using sole-substrate Monod kinetics.

dashed curves show the solutions of the same equations ) .
with the initial concentrations of the other substrates set t§/€"€ Operative they probably would have been evident.

zero. That is, the dashed curves indicate how this substratg'€S€ findings suggest that substrate interactions in binary
would behave if it was the only substrate present, accordingAH mixtures are not likely to be significant in contami-
to the biokinetic parameters determined from the SO|e_.at|on scenarios in the environment under aerobic condi-
substrate experiments. tions

In each of the binary systems in which naphthalene was
present, the presence of _the other solute had no Sig”iﬁqa'ﬂhultisubstrate Biodegradation: Ternary Systems
effect on the biodegradation rate of naphthalene (see Figs.
la and 2a). Similarly, phenanthrene behaves essentially thehe experimental results from the multisubstrate experi-
same whether it is present with either naphthalene or pyrenment involving the mixture of all three PAHs are shown as
or whether it is the sole substrate (Figs. 1b and 3a), andymbols in Fig. 4. Again, the solid curves are the predicted
pyrene behaves essentially the same whether it is presestibstrate depletion curves according to the multisubstrate
with either naphthalene or phenanthrene or whether it is th&lonod kinetic model, and the dashed curves show the pre-
sole substrate (Figs. 2b and 3b). The lack of substrate indicted substrate depletion if the solute was present as a sole
teraction for binary mixtures is not only experimentally ob- substrate. Unlike in the binary systems, in the ternary sys-
served, but it is also what is predicted by the multisubstratéem there is a significant difference between the observed
Monod kinetic model as is evidenced by the similarity be-substrate depletion rates (symbols) and the sole-substrate
tween the solid and dashed curves. Given that the substratkepletion rates (dashed curves) for each substrate. Naphtha-
concentrations in these experiments are the highest possidiene biodegradation is slower in the ternary mixture than in
(just below aqueous solubility), if substrate interactionsa sole-substrate system. Phenanthrene biodegradation, al-
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Figure 3. Biodegradation in a binary mixture of phenanthrene (a) and > ©
pyrene (b). Symbols are experimental observations; solid curves are pre- R
dicted using multisubstrate Monod kinetics; dashed curves are predicted
using sole-substrate Monod kinetics. g 1 . } .
0 50 100 150
though a little slower at the beginning of the experiment, has Time [hours]

increased significantly in the later period. Pyrene biodegra-

dation is faster in the ternary mixture over the entire time™'9ure 4. Biodegradation in a ternary mixture of naphthalene (a), phen'.
anthrene (b), and pyrene (c). Symbols are experimental observations; solid

period. _ _ ~ curves are predicted using multisubstrate Monod kinetics; dashed curves
We conclude that the potential for substrate interactiongre predicted using sole-substrate Monod kinetics.

in PAH mixtures does exist, and at least three compounds
must be present for these interactions to be evident. Fur-
thermore, these interactions may be negative as in the inhbservations fairly well. This is especially true for naphtha-
bition effect for naphthalene, positive as in the enhancemerlene. For phenanthrene, the substrate depletion curve has
effect for pyrene, or a mixture of inhibition and enhance-changed from an exponential decay type of curve in the
ment as for the intermediate compound, phenanthrene. Notole-substrate system to an S-shaped curve in the ternary
that in Fig. 4c (pyrene) there is a slight biphasic shape to theystem. The multisubstrate model predictions capture this
curve predicted by the multisubstrate model. At approxi-well. For pyrene, there is considerable uncertainty in the
mately 40 h there is a transition from one first-order decayconcentration measurements as is indicated by the size of
regime to another with a stronger decay rate. This is due tthe error bars, as well as greater variability across experi-
the depletion of the other substrates, and is mathematicalljnental vessels as is indicated by the lack of smoothness in
captured by thé&sC/Kg; terms in the denominator of Eq. the observation points. Neither model adequately captures
(2). Explanations of these types of effects are discussed ithe data in the first 30 h of the experiment. However, the
the next section. faster depletion of pyrene in the ternary system as compared
For all three compounds, the multisubstrate Monod ki-to the sole-substrate system is evident, and this general trend
netic model predictions (solid lines) match the experimentals well predicted by the multisubstrate model especially at
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longer time periods. This result is remarkably promisinggrowth kinetics in the four multisubstrate systems studied
given that the model is predictive, i.e., based on indepen¢solid lines). For comparison, the predicted biomass growth
dently determined parameters from abiotic experiments ankinetics when only one substrate is present with the same

sole-substrate biodegradation parameters. initial concentration as in the mixture are also shown
(dashed lines). Whenever naphthalene is present, consider-
Biomass Growth Simulations ably more biomass is in the system than what would be

present with phenanthrene or pyrene alone. So, while mul-

The biodegradation rate of a compound is proportional tdisubstrate Monod kinetics dictates that there is a retardation
both the specific growth rate on that compound and theeffect for every compound in the mixture, this may be offset
biomass concentration in the system (Eg. (3)). The presendsgy significant growth on the more degradable and abundant
of other substrates reduces the value of the specific growtRubstrate (in this case, naphthalene) resulting in enhanced
rate for a given compound(Eq. (2)), and the extent of this degradation of the less degradable compounds. In the binary
reduction depends on the relative magnitudes of the conexperiments, these effects were not significant enough to be
centrations of the other substrates and the ratiég;pb the  observed.
Ks;j values of the other substrates. The effect of retardation In the ternary system (Fig. 5d), the biomass growth rate in
of the specific growth rate can be compensated and soméhe mixture is somewhat slower than that predicted by naph-
times reversed if the biomass present is substantially greatéinalene degradation alone, but the system ultimately pro-
in the multisubstrate system. Through numerical simulatiorduces more biomass than could be generated by any one
we examine this process and how it is directly coupled withsubstrate. The effect on naphthalene was a net inhibition of
the substrate behavior shown in Figs. 1-4. the biodegradation rate (Fig. 4a), explained by the retarda-

Simulations of biomass concentration as a function oftion of the specific growth rate and the resulting delay in
time, X(t), were generated using the estimated model pabiomass growth. Initially, phenanthrene also experienced an
rameters and the initial conditions in the experimental sysinhibition effect (Fig. 4b), but after substantial biomass
tems. Simulation results rather than experimental results argrowth both phenanthrene and pyrene degraded faster than
presented because the changes in biomass with time are tttey would have if present as sole substrates. In general,
small to have been precisely detected in the experimentdlecause of the additive nature of the retardation term in the
systems. Figures 5a-d illustrate the predicted biomasdenominator of Eq. (2) and of the total specific growth rate
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Figure 5. Simulated biomass growth in the four multisubstrate experiments: (a,b,c) Binary systems and (d) Ternary system. Solid curves represent

multisubstrate systems; dashed curves represent sole-substrate systems. The initial substrate and biomass concentrations are the same as the four

experimental conditions.
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(Eg. (1)), the more compounds that are present the great8puchez M, Blanchet D, Vandecasteele J-P. 1995. Degradation of poly-

will be the substrate interaction effects, whether positive or cyclic aromatic hydrocarbons by pure strains and by defined strain
associations: Inhibition phenomena and cometabolism. Appl Micro-

negative. biol Biotechnol 43:156-164.
Bouwer EJ, Chen CT, Li Y-H. 1992. Transformation of a petroleum mix-
CONCLUSIONS ture in biofilms. Wat Sci Tech 26(3-4):637—-647.

This study demonstrates the potential for significant sub-Cerniglia CE. 1992. Biodegradation of polycyclic aromatic hydrocarbons.
strate interactions in multisubstrate systems involving Biodegradation 3:351-368.

PAHs. While competitive inhibition may cause retardation "a"9 M-K, Voice TC, Criddle CS. 1993. Kinetics of competitive inhibi-
tion and cometabolism in the biodegradation of benzene, toluene, and

of the blodegradatpn rate of one (’tompound'_enhanCEd bio- p-xylene by two Pseudomonas isolates. Biotechnol Bioeng 41:
mass growth may increase the biodegradation rate of an- 1057-1065.

other compound. In general, in a mixture of PAHSs the rateslayton Environmental Inc. 1995. Report of the sample analysis. Personal
of the more degradable compounds will be inhibited and the =~ communication.

rates of the more recalcitrant compounds will be enhanced:osta RM, Malcata FX. 1994. Multisubstrate MichaeMenten kinetics:
" Explicit dependence of substrate concentration on time for batch re-

The extent of these effects is directly relatgd to the numper actors. Bioprocess Eng 10:155-159.

of substrates that are present. So, while this study was limevans wc, Femley HN, Griffiths WE. 1965. Oxidative metabolism of
ited in scope to very simple mixtures, substrate interactions phenanthrene and anthracene by soil Pseudomonads. J Biochem 95:
were observed and were found to be larger in the ternary 819-831.

; ; ibson DT, Subramanian V. 1984. Microbial degradation of aromatic hy-
m compar he binar ms. rate interac®
system compa ed to the bina y systems Substrate inte a@ drocarbons. In: Gibson DT, editor. Microbial degradation of organic

tions are likely to be greater in environmental co_ntamlnatlon compounds. New York: Marcel Dekker.

scenarios where PAHs are often encountered in very comgrady CPL, Smets BF, Barbeau DS. 1996. Variability in kinetic parameter
plex mixtures. This suggests that caution should be em- estimates: A review of possible causes and a proposed terminology.
ployed in universal application of simple first order rate ~ Wat Res 30:742—748.

parameters for individual PAH compounds in the field Guha S, JaffePR. 1996. Determination of Monod kinetic coefficients for
) volatile hydrophobic organic compounds. Biotechnol Bioeng 50:

The observed substrate interaction effects for PAHs are  gga_gqq9
well described by the multisubstrate Monod kinetic model,keck J, Sims RC, Coover M, Park K, Symons B. 1989. Evidence for
indicating the importance of coupled substrate and biomass Cooxidation of polynuclear aromatic hydrocarbon in soil. Wat Res

mass balance equations. So, despite the seeming complexity 23:1467-1476.

of PAH biodegradation kinetics in mixed substrate systems/€!léy |: Cerniglia CE. 1995. Degradation of a mixture of high-molecular
weight polycyclic aromatic hydrocarbons by a Mycobacterium strain

the predlf:tlve_ capgblhty of this model has the po_tent|al 0 pyR.1. J Soil Contamination 4:77—91.

greatly simplify this problem because of the reliance onkjecka GM, Maier WJ. 1988. Kinetics of microbial growth on mixtures of
sole-substrate parameters. The validity of this model relies pentachlorophenol and chlorinated aromatic compounds. Biotechnol
on the contention that naphthalene, phenanthrene, and py- Bioeng 31:328-335.

g ; thy RG, Dzombak DA, Peters CA, Roy SB, Ramaswami A, Nakles DV,
rene are utilized simultaneously by a common enzyme sys=" e . .
y by y y Nott BR. 1994. Remediating tar-contaminated soils at manufactured

tem in _the mixed culture. This assumptlon. must be te;ted gas plant sites: Technological challenges. Environ Sci Technol 28(6):
before inferences are drawn about underlying mechanisms. 26sa-276A.

While the predictive capability of this model will need to be Machado RJ, Grady CPL Jr. 1989. Dual substrate removal by an anexic
verified for more complex mixtures, it holds great promise  bacterial culture. Biotechnol Bioeng 33:327-337.

for simplifying the mathematical representation of complex™ackay D, Shiu WY, Ma KC. 1992. lllustrated handbook of physical-
chemical properties and environmental fate for organic chemicals.

biodegradation kinetics in the field. Boca Raton, FL: Lewis Publishers. vols 1 and 2.
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